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ABSTRACT 
Proteins are basic units of structure and function of life. Hence, an understanding of 
protein is inevitable to understand how life works. Interestingly, proteins are necessary to 
replicate the DNA that produced it in the first place. Much work has been done to 
understand how one-dimensional information stored in DNA is converted into three-
dimensional structure of proteins in milliseconds or less time. So, there is a huge gap in 
our knowledge of how we move from protein sequence to function in living organisms: 
the line of sight from the genetic recipe for a protein to its biological function is blocked 
by the foggy avenue of protein folding. 
Science magazine has regarded protein folding is one of 125 unsolved puzzle in science. 
Once regarded as a grand challenge, protein folding has seen great progress in recent 
years. Now foldable proteins and non-biological polymers are being designed routinely 
and moving towards successful applications. The structures of small proteins are now 
often well predicted by computer methods. There is now testable explanation for how 
protein can fold so quickly: a protein solves its large global optimization problem as a 
series of local optimization problem, growing and assembling the native structure from 
peptide fragments, local structures first. 
Proteins are known to accumulate different conformational states during their unfolding 
by various denaturants. In order to understand the phenomenon of protein folding, all 
confonnational states should be described with respect to their structure and function 
because such conformational states might resemble the intermediate state along the in 
vivo protein folding pathway, and thus play an important role in understanding the 
mechanism of protein folding. Solvent denaturation studies are used to characterize 
folding intermediates and also to determine protein stability. 
Chapter 3 
Little work has been done to understand the folding profiles of multi-domain proteins at 
alkaline conditions. We have found the formation of a molten globule like state in bovine 
serum albumin (BSA) at pH 11.2 with the help of spectroscopic techniques. Interestingly, 
this state has features similar to the acid denatured state of human serum albumin (HSA) 
at pH 2.0 reported by Muzammil et al (1999). This state has also shown significant 
increase in 8-anilino-l-naphthalene-sulfonate (ANS) binding in comparison to the native 
state. At pH 13.0, the protein seems to acquire a state very close to 6M guanidine 
hydrochloride (GuHCl) denatured one. But, reversibility study shows it can regain nearly 
40% of its native secondary structure. In contrary, tertiary contacts have disrupted 
irreversibly. It seems, withdrawal of electrostatic repulsion may have leave room for local 
interaction, but disrupted tertiary contacts fail to regain their original states. Introduction 
of methanol, ethanol and propan-2-ol (IP) with the alkaline unfolded protein resulted in 
P-sheet like structure formation, and 2, 2, 2- trifluoroethanol (TFE) found to enhance a-
helical conformations, as seen with far UV CD. Further spectroscopic analyses have 
shown alcohols induce secondary, as well as tertiary conformations in the alkaline 
unfolded BSA. But the extent of structure formation is in the order of methanoK 
ethanol< IP < TFE. Interestingly, in the presence of TFE the unfolded protein acquires 
increased a-helical structure with simultaneous increase in aggregation. Exposure of 
hydrophobic core of protein molecules in the non-ionic environment of TFE seems to 
result in inter-molecular cluster formation. Many workers have also reported similar 
formation of amyloid and aberrant aggregates induced by a-helical proteins or peptides. 
Chapter 4 
The effect of methyl cyanide (MeCN), a chief solvent for reverse phase chromatography 
(RPC) on human serum albumin (HSA) is vital for the knowledge of its recovery and 
resolution. Here, we have studied the effect of 2,2,2-trifluoroethanol (TFE), an a-helix 
inducer versus MeCN, a |3-sheet inducer on the partially denatured HSA with the help of 
far-UV circular dichroism, intrinsic fluorescence, ANS binding and acrylamide 
quenching studies at pH 2.0. Interestingly, at pH 2.0 where the recovery and resolution of 
the protein is high, its secondary structure remains unchanged even in the presence of 
very high concentration (76 %v/v) of MeCN. Gain of 23% and 34% a-helicity has been 
observed in the presence of 20% and 50% TFE (v/v) respectively. Although, at pH 7.3 
HSA aggregates in the presence of 40% MeCN (v/v), but not before 70% (v/v) MeCN at 
pH 2.0. The result seems to be important for HSA isolation and purification. It also 
supports that the conformation of the protein is not exclusively governed by its primary 
structure but can be regulated by solvent engineering. The effects of methyl cyanide 
(MeCN) on four mammalian serum albumins (i.e. human, bovine, porcine and rabbit 
serum albumins) at neutral pH (pH 7) were also studied. We have detected an 
intermediate state (termed here as N') in these albumins in the presence of 20% (v/v) 
MeCN only, having -8-9% higher a-helical structure than their respective native (N) 
states. At around 60% (v/v) MeCN another intermediate (termed here as I) was observed 
with high tendency to form aggregates and showing non-native P-sheet structure. Near 
UV CD, tryptophanyl fluorescence and ANS binding indicated stabilization of tertiary 
structure and internalization of fluorophores with perturbation in secondary structure 
below 40% (v/v) MeCN. Interestingly, all these phenomena were found common for the 
four albumins studied here. 
Chapter 5 
The interaction of the cationic surfactant cetyltrimethylammonium bromide (CTAB) with 
bovine serum albumin (BSA), a globular protein, has been studied by small-angle neutron 
scattering (SANS), fluorescence spectroscopy and circular dichroism (CD). SANS 
measurements show that at low [CTAB] the protein shows a native-like behavior. On the 
other hand, at high [CTAB], surfactant molecules result in the formation of a fractal 
structure representing a necklace model of micelle-like clusters randomly distributed 
along the polypeptide chain. The overall size of the complex increases and the fractal 
dimension decreases on increasing the surfactant concentration. The size of the micelle-
like clusters does not show any considerable change while the number of such clusters 
in 
and their aggregation number increases with increasing [CTAB]. The fluorescence 
studies undertaken were found to be consistent with the SANS measurements. Native-like 
behavior of the protein mixed with low concentration of the surfactant was also 
concluded from the circular dichroism (CD) spectra where the spectra in presence of high 
[CTAB] could not be monitored because of high dynode voltage. 
Chapter 6 
Albumins are single chain 3-domain all alpha protein, devoid of any prosthetic group. 
Equilibrium unfolding of two homologous mammalian albumins, i.e., pig serum albumin 
(PSA) and rabbit serum albumin (RSA) by guanidine hydrochloride (GuHCl) and urea 
has been studied with the help of far UV circular dichroism (CD) and tryptophanyl 
fluorescence. PSA and RSA show 75% and 74% sequence homology with human serum 
albumin (HSA) whose X-ray crystallographic structure is well studied. Higher mid-point 
concentration (Cm) of urea in comparison to GuHCl shows higher denaturing capacity of 
GuHCl. Change in free energy (AGu^) calculations clearly show that electrostatic 
interactions are chiefly responsible for higher stability of RSA in comparison to PSA. 
The presence of higher number of hydrophobic residues possibly resulted in higher 
stability of PSA tertiary structure, during GuHCl induced unfolding. 
IV 
CHARACTERIZATION OF FOLDING 
INTERMEDIATES OF MAMMALIAN 
SERUM ALBUMINS 
THESIS 
SUBMITTED FOR THE AWARD OF THE DEGREE OF 
Bottor of ^I)iIogopI)p 
IN 
BIOTECHNOLOGY 
BY 
PRIYANKAR SEN 
Under the Supervision of 
Dr. RIZWAN HASAN KHAN 
INTERDISCIPLINARY BIOTECHNOLOGY UNIT, 
ALIGARH MUSLIM UNIVERSITY, 
ALIGARH-202002 (INDIA) 
2009 
r%V 
T7335 
CHARACTERIZATION OF FOLDING 
INTHRMEDIATES OF MAMMALIAN SERUM 
ALBUMINS 
Dated: 
Approved: 
Rizwan Hasan Khan, Supervisor 
PRIYANKAR SEN 
A THESIS SUBMITTED FOR THE AWARD OF DEGREE OF 
DOCTOR OF PHILOSOPHY IN BIOTECHNOLOGY AT ALIGARH MUSLIM 
UNIVERSITY, ALIGARH (INDIA) 
2009 
"There are known 
knowns. There are 
known unknowns. 
There are also unknown 
unknowns." 
- Mr. D.Remsfeld, Press conference at NATO 
head-quarter, 6**" June 2002. 
INTERDISCIPLINARY BIOTECHNOLOGY UNIT 
A L I G A R H M U S L I M U N I V E R S I T Y , A L i G A R H - 2 0 2 0 0 2 ( I N D I A ) 
Phone: 0091-571-2720388 
Fax: 0091-571-2721776 
E-mail: alg_btisamua@sancharnet.in 
Certificate 
l^fiis is to certify tdat the reseated wor^ reportecC herein, entitfecf 
Characterization of Folding Intermediates of Mammalian Serum Albumins ^^^ ^^^^ earned 
out 6y Mr. <Priyan^r Sen under my guidance and supervision. The wor^ 
presented herein is suitaSfeforthe award of (Ph.(D. degree in (Biotechnofogy at 
JlCigarh !MusCim Vniversity, JiCigarh. 
(Dr. <]Rizwan Hasan %fian 
Supervisor 
Declaration 
I fiereSy dectare tHat the thesis entitled "Ctiaracterization of'FoCiGng Intermediates of 
MammaGan Serum A^wnins", emBodies the wor^carriedout 6y me. 
(Ptiyan^rSen 
Senior ^ search TeUbw of (Department of(Biotechno[ogy, govt, of India, 
InterdiscipCinary (Biotechnofhgy Vnit, 
Migcirfi MusCim Vniversity, 
Migarfi-202002, India. 
PREFACE 
Understanding how one-dimentional chain of amino acids navigates its way to a unique, 
biologically active conformation has intrigued scientists from decades. A solution to the 
protein-folding problem will provide missing link between a gene sequence to 3-
dimentional structure of a protein. It is expected to have its major impact on our 
understanding of the molecular basis of several genetic diseases and new medicines. It 
will also provide opportunities for the design of proteins of desired function. 
The unfolding of proteins by chemical denaturants, extremes of pH and alcohols under in 
vitro conditions has received great attention as various partially folded intermediates have 
been found to accumulate during equilibrium unfolding of a number of proteins. There 
has been a considerable interest in characterizing these partially folded states for gaining 
an insight into the possible determinants of the protein folds and the mechanism of 
protein folding, because these intermediate states of molten globule type are generally 
believed to be meaningful counterparts of early folding intermediates. Apart from 
characterization of folding intermediates, equilibrium denaturation studies also provide 
insights into stability of the proteins. 
We have carried out experiments to study the structural properties of albumins in the 
presence of pH, urea, guanidine hydrochloride, methyl cyanide, fluoroalcohols and 
surfactants identified and characterized unfolding intermediate states. 
The work has been compiled into six chapters. The first chapter deals with the basic 
concept, history and applications of protein folding. Experimental procedures and 
materials used in the study have been described in the second chapter. Third chapter 
describes the work done on bovine serum albumin at alkaline pH and alcohols, and a 
molten globule state has been characterized. In the Fourth chapter, the effect of 
cosolvents on albumins has been presented. In the fifth chapter, effect of a detergent on 
bovine serum albumin has been described. Sixth chapter describes the denaturant 
induced unfolding of pig and rabbit serum albumin at neutral pH. 
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ABSTRACT 
Proteins are basic units of structure and function of life. Hence, an understanding of 
protein is inevitable to understand how life works. Interestingly, proteins are necessary to 
replicate the DNA that produced it in the first place. Much work has been done to 
understand how one-dimensional information stored in DNA is converted into three-
dimensional structure of proteins in milliseconds or less time. So, there is a huge gap in 
our Imowledge of how we move from protein sequence to function in living organisms: 
the line of sight from the genetic recipe for a protein to its biological function is blocked 
by the foggy avenue of protein folding. 
Science magazine has regarded protein folding is one of 125 unsolved puzzle in science. 
Once regarded as a grand challenge, protein folding has seen great progress in recent 
years. Now foldable proteins and non-biological polymers are being designed routinely 
and moving towards successful applications. The structures of small proteins are now 
often well predicted by computer methods. There is now testable explanation for how 
protein can fold so quickly: a protein solves its large global optimization problem as a 
series of local optimization problem, growing and assembling the native structure from 
peptide fragments, local structures first. 
Proteins are known to accumulate different conformational states during their unfolding 
by various denaturants. In order to understand the phenomenon of protein folding, all 
conformational states should be described with respect to their structure and function 
because such conformational states might resemble the intermediate state along the in 
vivo protein folding pathway, and thus play an important role in understanding the 
mechanism of protein folding. Solvent denaturation studies are used to characterize 
folding intermediates and also to determine protein stability. 
Chapter 3 
Little work has been done to understand the folding profiles of multi-domain proteins at 
alkaline conditions. We have found the formation of a molten globule like state in bovine 
serum albumin (BSA) at pH 11.2 with the help of spectroscopic techniques. Interestingly, 
this state has features similar to the acid denatured state of human serum albumin (HS A) 
at pH 2.0 reported by Muzammil et al (1999). This state has also shown significant 
increase in 8-anilino-l-naphthalene-sulfonate (ANS) binding in comparison to the native 
state. At pH 13.0, the protein seems to acquire a state very close to 6M guanidine 
hydrochloride (GuHCl) denatured one. But, reversibility study shows it can regain nearly 
40% of its native secondary structure. In contrary, tertiary contacts have disrupted 
irreversibly. It seems, withdrawal of electrostatic repulsion may have leave room for local 
interaction, but disrupted tertiary contacts fail to regain their original states. Introduction 
of methanol, ethanol and propan-2-ol (IP) with the alkaline unfolded protein resulted in 
p-sheet like structure formation, and 2, 2, 2- trifluoroethanol (TFE) found to enhance a-
helical conformations, as seen with far UV CD. Further spectroscopic analyses have 
shown alcohols induce secondary, as well as tertiary conformations in the alkaline 
unfolded BSA. But the extent of structure formation is in the order of methanoK 
ethanoK IP < TFE. Interestingly, in the presence of TFE the unfolded protein acquires 
increased a-helical structure with simultaneous increase in aggregation. Exposure of 
hydrophobic core of protein molecules in the non-ionic environment of TFE seems to 
result in inter-molecular cluster formation. Many workers have also reported similar 
formation of amyloid and aberrant aggregates induced by a-helical proteins or peptides. 
Chapter 4 
The effect of methyl cyanide (MeCN), a chief solvent for reverse phase chromatography 
(RPC) on human serum albumin (HSA) is vital for the knowledge of its recovery and 
resolution. Here, we have studied the effect of 2,2,2-trifluoroethanol (TFE), an a-helix 
inducer versus MeCN, a (3-sheet inducer on the partially denatured HSA with the help of 
far-UV circular dichroism, intrinsic fluorescence, ANS binding and acrylamide 
quenching studies at pH 2.0. Interestingly, at pH 2.0 where the recovery and resolution of 
the protein is high, its secondary structure remains unchanged even in the presence of 
very high concentration (76 %v/v) of MeCN. Gain of 23% and 34% a-heUcity has been 
observed in the presence of 20%) and 50% TFE (v/v) respectively. Although, at pH 7.3 
HSA aggregates in the presence of 40% MeCN (v/v), but not before 70% (v/v) MeCN at 
pH 2.0. The result seems to be important for HSA isolation and purification. It also 
supports that the conformation of the protein is not exclusively governed by its primary 
structure but can be regulated by solvent engineering. The effects of methyl cyanide 
(MeCN) on four mammalian serum albumins (i.e. human, bovine, porcine and rabbit 
serum albumins) at neutral pH (pH 7) were also studied. We have detected an 
intermediate state (termed here as N') in these albumins in the presence of 20% (v/v) 
MeCN only, having -8-9% higher a-helical structure than their respective native (N) 
states. At around 60% (v/v) MeCN another intermediate (termed here as I) was observed 
with high tendency to form aggregates and showing non-native p-sheet structure. Near 
UV CD, tryptophanyl fluorescence and ANS binding indicated stabilization of tertiary 
structure and internalization of fluorophores with perturbation in secondary structure 
below 40% (v/v) MeCN. Interestingly, all these phenomena were found common for the 
four albumins studied here. 
Chapter 5 
The interaction of the cationic surfactant cetyltrimethylammonium bromide (CTAB) with 
bovine serum albumin (BSA), a globular protein, has been studied by small-angle neutron 
scattering (SANS), fluorescence spectroscopy and circular dichroism (CD). SANS 
measurements show that at low [CTAB] the protein shows a native-like behavior. On the 
other hand, at high [CTAB], surfactant molecules result in the formation of a fractal 
structure representing a necklace model of micelle-like clusters randomly distributed 
along the polypeptide chain. The overall size of the complex increases and the fractal 
dimension decreases on increasing the surfactant concentration, The size of the micelle-
like clusters does not show any considerable change while the number of such clusters 
ni 
and their aggregation number increases with increasing [CTAB]. The fluorescence 
studies undertaken were found to be consistent with the SANS measurements. Native-like 
behavior of the protein mixed with low concentration of the surfactant was also 
concluded from the circular dichroism (CD) spectra where the spectra in presence of high 
[CTAB] could not be monitored because of high dynode voltage. 
Chapter 6 
Albumins are single chain 3-domain all alpha protein, devoid of any prosthetic group. 
Equilibrium unfolding of two homologous mammalian albumins, i.e., pig serum albumin 
(PSA) and rabbit serum albumin (RSA) by guanidine hydrochloride (GuHCl) and urea 
has been studied with the help of far UV circular dichroism (CD) and tryptophanyl 
fluorescence. PSA and RSA show 75% and 74% sequence homology with human serum 
albumin (HSA) whose X-ray crystallographic structure is well studied. Higher mid-point 
concentration (Cm) of urea in comparison to GuHCl shows higher denaturing capacity of 
GuHCl. Change in free energy (AGu*) calculations clearly show that electrostatic 
interactions are chiefly responsible for higher stability of RSA in comparison to PSA. 
The presence of higher number of hydrophobic residues possibly resulted in higher 
stability of PSA tertiary structure, during GuHCl induced unfolding. 
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Chapter 1 
REVIEW OF LITERATURE 
Chapter 1 
1.1. What is protein folding 
We cannot think of life without proteins. Proteins are tools with which the 
biological machine; organisms run. These tools are made in a factory called 
ribosome. But ironically these tools doesn't mould in a 'pre-designed' frame, 
instead ribosomes produce different threads which fold themselves into their 
unique working structures, or native state. This process is called "protein folding", 
which is yet to be understood fully. 
The notion of folding "problem" first emerged around 1960, with the appearance 
of the first atomic-resolution protein structures. Some form of internal crystalline 
regularity was previously expected (Kendrew 1961), and a-helices had been 
anticipated by Pauling (Pauling and Corey 1951; Pauling et al 1951), but the first 
protein structures (of globins) had helices that were packed together in unexpected 
irregular ways. Since then, protein folding problem has come to be regarded as 
three different problems (Dill et al 2008):-
(a) Folding code problem (Thermodynamics question) - what balance of inter-
atomic forces dictates the structure of the protein, for a given amino acid 
sequence. 
(b) Structure prediction problem (Computational question) - how to predict a 
protein's native structure from its amino acid sequence. 
(c) Folding process problem (Kinetic question) - what routes some proteins use to 
fold so quickly. 
A major milestone in protein science was the thermodynamic hypothesis made by 
Anfinsen from his famous experiments on ribonuclease (Haber and Anfinsen 
1962). Anfinsen postulated that the native structure of a protein is the 
thermodynamically stable structure; it depends only on the amino acid sequence 
and on the condition of solution, and not on the kinetic folding route. Two 
powerful conclusions followed from Anfinsen's work. First, it enable the large 
research enterprise of in vitro protein folding that has come to understand native 
structures by experiments inside cells. Second, the Anfmsen principle implies a 
sort of division of labour: Evolution can act to change an amino acid sequence, but 
the folding equilibrium and kinetics of a given sequence are then matters of 
physical chemistry. 
But to acquire the native state, a pool of different amino acids must pass through 
two bottle-necks: (1) The probability that natural proteins could be found in a 
random search of infinitely large sequence space, or blind watchmaker's 
paradox (Dawkins 1996) and, (2) the probability that a protein could find its 
unique native state by random search, or Levinthal paradox. Sequence space is a 
large place. For a protein of 100 amino acids, the number of possible sequences of 
the 20 different amino acids is 20'°°=10'^°, in which only one sequence is right. 
But statistical mechanical modelling shows that there is very little numbers 
problem in the first place. To achieve biological function, we care only about 
finding a particular fold, not a particular sequence. Modelling (Lau and Dill 1990) 
shows that the probability of finding a structure is likely to be more than 100 
orders of magnitude larger than the probability of finding a sequence. Moreover, 
experiments (Reidhaar-Olson and Sauer 1988; Matthews 1993) show that the 
relevant space is even smaller, because only about N/3 of the residues are crucial 
for folding- those that define the hydrophobic core. Therefore, the real search for 
protein structure takes place, not in a space of 20'°°, but in a space nearer in size to 
2 ==2 =10 . The native structure can be reached, over the time course of 
folding, by a process that (1) starts from different initial conformations and (2) 
proceeds by incremental improvements, each of which have some bias but also 
involve considerable random choice among alternatives. Even a very small bias in 
choosing among alternatives can speed up the search time by tens to hundreds of 
order of magnitude. 
Levinthal saw folding as a search through a vast conformational space for the 
native structure is like searching a needle in a haystack (Levinthal 1968). Suppose 
the conformational space is represented by four preferred ^ and v|; angles for each 
peptide bond: a-helical, (3-strand, and two others. In term of these discrete options, 
the size of the space for 100 residue chain is 4'°'^ ~10^° chain conformation. Only 
one of these is the native structure. This can be answered by ensemble view. 
Polypeptide chains do not fold by random searches on level energy landscapes. 
Chains fall energetically downhill. Even a very small bias in the form of the forces 
of protein folding, can result in huge difference between folding time (Bryngelson 
and Wolynes 1987). 
1.2. Why proteins fold 
Prior to mid 1980s, the protein folding code was seen as a sum of many different 
small interactions- such as hydrogen bonds, ion pairs, van der waals attraction, and 
water-mediate hydrophobic interactions. A key idea was that the primary sequence 
encoded secondary structures, which then encoded tertiary structure (Anfmsen and 
Scheraga 1975). However, through statistical mechanical modeling, a different 
view emerged in the 1980s, namely, that the folding code is distributed both 
locally and nonlocally in the sequence, and that a protein's secondary structure is a 
consequence of the tertiary structure, not the cause of it (Dill 1999). 
Because native proteins are only 5-10 kcal/mol more stable than their denatured 
state, it is clear that no type of intermolecular force can be neglected in folding and 
structure formation (Yang et al 2007). Folding is not likely to be dominated by 
electrostatic interactions among charged side chains because most proteins have 
relatively few charged residues; they are concentrated in high dielectric regions on 
the protein surface. Protein stabilities tend to be independent of pH (near neutral) 
and salt concentration, and mutations in charged side chains typically lead to small 
effects on structure and stability. Hydrogen bonding interactions are important, 
because essentially all possible hydrogen bonding interactions are generally 
satisfied in native structures (Auton et al 2007; Deechongkit et al 2004). Similarly, 
tight packing in proteins implies that van der waals interaction are important 
(Chen and Stites 2001). The "protein folding code" must be written in the side 
chains, not in the backbone hydrogen bonding, because it is through the side 
chains that one protein differs from another. There is considerable evidence that 
hydrophobic interactions must play a major role in protein folding, (a) Protein 
have hydrophobic cores, implying nonpolar amino acids are driven to be 
sequestered from water, (b) Model compound studied show 1-2 kcal/mole for 
transferring a hydrophobic side chain from water into oil-like media (Wolfenden 
2007). (c) Proteins are readily denatured in nonpolar solvents, (d) Sequences that 
are jumbled and retain only their correct hydrophobic and polar patterning fold to 
their expected native states (Hecht et al 2004) in the absence of efforts to design 
packing, charges, or hydrogen bonding. Hydrophobic and polar patterning also 
appears to be a key to encoding of amyloid-like fibril structures (Wurth et al 
2006). Studies of lattice models (Chikenji et al 2006) and tube model (Banavar et 
al 2002; Banavar and Maritan 2007) have shown that secondary structures in 
proteins are substantially stabilized by the chain compactness, an indirect 
consequence of hydrophobic force to collapse. 
Plaxco et al. found that the folding rates of two-state proteins correlate with 
average degree to which native contacts are local within the chain sequence: Fast-
folders usually have mostly local structure, such as helices and tight turns. Slow-
folders usually have more nonlocal structure, such as p-sheets (Plaxco et al 1998). 
Folding rates have been subsequently found to correlate well with other native 
topological parameters such as the protein's effective chain length (chain length 
minus the number of amino acids in helices) (Ivankov and Finkelstein 2004), 
secondary structure length (Huang et al 2007), sequence distant per residue 
(Gromiha and Selvaraj 2001), the total contact distance (Zhou and Zhou 2002), 
and intrinsic properties, for example, of a-helices (Kuznetsov and Rackovsky 
2004). In short, a protein typically forms smaller loops and turns faster than it 
forms larger loops and turns. It is consistent with the so called zipping and 
assembly (ZA) mechanism, which postulates that search speed is governed by the 
effective loop sizes that the chain must search at any step. 
1.3. How proteins fold 
In its description of the 125 most important unsolved problems in science, science 
magazine framed the problem in this way: Can we predict how proteins will fold? 
Out of a near infinitude of possible ways to fold, a protein picks one in just tens of 
microseconds. The same task takes 30 years of computer time {science 2005). 
Several models have emerged in last 30 years to answer this question. In the 
diffusion collision model, microdomain structures form first and then diffuse and 
collide to form larger structures (Karplus and Waever 1979). The nucleation-
condensation mechanism (Fersht 1997) proposes that a diffuse transition state 
ensemble (TSE) with some secondary structure nucleate tertiary contacts. Some 
proteins such as helical bundles appear to follow a hierarchical diffusion-
collision model (Myers and Oas 2001) in which secondary structure forms and 
assemble in a hierarchical order. In hierarchical condensation, the chain searches 
for compact, contiguous structured units, which are then, assemble into the folded 
state, or proteins may fold via the stepwise assembly of structural subunits called 
foldons (Krishna et al 2006), or they may search for topomers, which are largely 
unfolded states that have native-like topologies (Makarov et al 2002). 
The search for folding mechanisms has driven major advances in experimental 
protein science. These include fast laser temperature-jump methods (Callender 
et al 1998), mutational methods that give quantities called (t)-values (Fersht and 
Sato 2004) or v|;-values (Sosnick et al 2004), which can identify those residues 
most important for folding speed; hydrogen exchange methods that give 
monomer level information about folding events (Krishna et al 2004). In addition, 
peptide model experimental test systems provide insight into the fast early-
folding events (Krieger et al 2003). Furthermore, single molecule methods are 
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beginning to explore the conformational heterogeneity of folding (Cecconi et al 
2005). 
There have been corresponding advances in theory and computation. Computer 
based molecular minimization methods were first applied to protein structures in 
the early 1960s, followed by molecular dynamics (Levitt 1983), improved force 
fields (Cornell et al 1995), weighted sampling and multi-temperature methods 
(Sugita and Okamoto 1999), highly parallelized codes for supercomputers (Allen 
et al 2001), and distributed grid computing methods such as Folding@home 
(Zagrovic et al 2002). Models having less atomic detail also emerged to address 
questions more global and less detailed in nature about protein conformational 
spaces: (a) the Go model (Go and Taketomi 1978), which was intended to see if a 
computer could find the native structure if native guiding constraints were 
imposed, is now widely used to study folding kinetics of proteins having known 
native structures, (b) More physical models, typically based on polymer-like 
lattices, are used to study the static and dynamic properties of conformational 
spaces (Dill et al 1989). (c) Master-equation approaches can explore dynamics in 
heterogeneous systems (Ghosh et al 2007). 
Levinthal paradox says astronomical number of conformations a protein must 
search to find its native state. A central goal has been to quantify the number of 
conformations at each energy level, or density of states (DOS). In simple cases, 
the logarithm of the DOS is the conformational entropy. Such entropies have not 
been determinable through all-atom modeling, because that would require 
astronomical amount of computational sampling. Hence it needs some simplified 
models, such as mean field polymer and lattice treatments, spin-glass theories or 
exact enumerations in minimalist models (Dill et al 2008). A key conclusion is 
that proteins have funnel-shaped energy landscapes, i.e., many high-energy 
states and few low-energy states (Bryngelson and Wolynes 1987). Funnels have 
both quantitative and qualitative uses. It provides a useful communicafion 
statistical mechanical properties and folding kinefics of proteins. 
Two-State Multi-state 
D ^ N 
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Figurel: Simple mass-action scheme describe protein folding, using symbols such as N 
(native), D (denatured), I (on pathway intermediate) and X (off pathway intermediate). 
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Figure 2: A Schematic representation of the energy landscape for a minimally frustrated 
heteropolymer as required in folding (A). The transition state ensemble as calculated by 
using computer simulations constrained by experimental data from mutational studies of 
acylphosphatase. The yellow spheres in this ensemble represent the three 'key residues' in 
the structure; when these residues have formed their native-like contacts the overall 
topology of the native fold is established. The structure of the native state is shown at the 
bottom of the surface; at the top are indicated schematically some contributors to the 
distribution of unfolded species that represent the starting point for folding. Also 
indicated on the surface are highly simplified trajectories for the folding of individual 
molecules (Dobson 2003) (B). 
Folding kinetics are traditionally described by simple mass action models (Fig.l), 
such as D^^I^N (on pathway intermediate I between the denatured state D and 
native state N) or X ^ D ^ N (off pathway intermediate X). In contrast, funnel 
models aim to explain the kinetics in terms of underlying physical forces (Fig.2). 
There are many distinctions between protein folding and a classical chemical 
reaction. A chemical reaction proceeds from its reactant A to its product B, 
through a pathway, i.e., a sequence of individual structures. A protein cannot do 
this because its reactant, the denatured state, is not a single microscopic structure. 
Folding is a transition from disorder to order, not from one structure to another. 
Simple one-dimensional path diagrams do not capture this tremendous reduction 
in conformational degeneracy. 
1.4. Why protein folding is needed to be understood 
The utility of the knowledge of protein folding is not limited to 'the search for the 
native state of a protein', but beyond it. In addition to the detailed mechanistic 
studies that have largely been carried out in vitro, considerable efforts have been 
directed at understanding the manner in which folding occurs in vivo. Although 
the fundamental principles underlying the mechanisms of folding are unlikely to 
differ in any significant manner from those elucidated from in vitro studies, many 
details of the way in which individual proteins fold undoubtedly depend on the 
environment in which they are located (Dobson 2003). Till now we discussed that 
the native state usually locates at the lowest minimum of the funnel, implying that 
it is the most stable conformation of the polypeptide chain. However, there are 
some known cases that are inconsistent with the native state being the most stable. 
Formation of amyloid fibrils is one such case, and its mechanisms have drawn 
intense interest in the protein science community in recent years. Amyloid fibrils 
are found as deposits of insoluble aggregation in patients with array of diseases. 
such as systemic amyloidoses, spongiform encephalopathies and Alzheimer's 
disease etc. (Kelly 1998), also given in table 1. 
Table 1: Amyloidogenic proteins and corresponding diseases. 
Clinical syndrome 
Alzehimer's disease 
Primary systemic amyloidosis 
Secondary systemic amyloidosis 
Senile systemic amyloidosis 
Type II diabetes 
Spongiform encephalopathies 
Hereditary neuropathic 
systemic amyloidosis 
Injection-localized amyloidosis 
Precursor protein 
Amyloid (3 protein precursor 
Immunoglobulin light chain 
Serum Amyloid A 
Transthyretin 
Calcitonin 
Prion 
Lysozyme 
Insulin 
Fibril component 
P-peptide 1-40 to 1-43 
Intact chain or fragment 
Amyloid A 
Transthyretin or fragments 
Fragment of Calcitonin 
Prion or fragment 
Lysozyme or fragment 
Insulin 
Hereditary renal amyloidosis Fibrinogen 
Parkinson disease a-synuclein 
Fibrinogen fragments 
The more interesting is the case of prion diseases, a large group of neurodegerative 
disorders that affect both animals and humans. Prion protein, a predominantly a-
helical protein constituent of mammalian cells under normal conditions convert its 
structure into a (J-sheet form responsible for amyloid fibril formation by unknown 
mechanisms (Prusiner 1991). Recently it is suggested that, as shown in figure 3, an 
unfolded or partially unfolded peptide or protein initially forms small soluble 
aggregates (amyloidogenic intermediates), which then assemble to form a variety 
of "proto-fibril" species. Some or all of these appear to be toxic to living cells. 
These species undergo a series of additional assembly steps to give ordered 
amyloid fibrils (Dobson 2003; Yon 2007). This conformational conversion occurs 
without apparent additional factors such as nucleic acids or polysaccharides, and it 
is transmittable by the modified isoform, leading to the proposal of the 'Protein 
only' hypothesis (Griffith 1967). Interestingly, nonpathogenic proteins and poly-
amino acids are capable of forming amyloid fibrils support a hypothesis that the 
potential to form amyloid fibrils may be a common feature of polypeptides 
(Ohnishi and Takano 2004). In contrast to protein folding driven by tertiary 
interactions between side chains or side chain and backbone, amyloid fibril 
formation is driven by interactions between backbones, and the side-chain 
interactions contribute for prevention of fibril formation (Fandrich and Dobson 
2002). 
Native protein 
Amyloidogenic 
intermediate Unfolded protein 
Proto-fjbri] 
Fibril 
Figure 3: Schematic representation of the formation of amyloid fibrils from a partially 
folded intermediate (Yon 2007). 
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Including amyloid formation, other types of aggregations can also take place as a 
polypeptide sequence fail to form right kind of intramolecular interactions during 
folding, famously known as 'misfolding'. They can be classified into two types: 
in vivo aggregation such as inclusion body formation and in vitro aggregation 
such as denaturation-induced aggregation. It creates major problems in generating 
recombinant proteins in research or for use in biotechnology (Kopito 2000). 
Aggregation must be an important feature of the behavior of proteins in vivo. The 
levels of certain proteins (heat-shock proteins), known to able to deal with such 
problems, increase substantially during cellular stress (Pelham 1968). 
Computer simulations of purely physics based models are becoming useful for 
structure prediction and for studying folding routes. Here the metric of success is 
not purely performance in native structure prediction but understanding the force 
and dynamics that govern protein properties. It will allow us to (1) predict 
conformational changes, such as induced fit, important for computational drug 
discovery; (2) understanding protein mechanisms of action, motions, folding 
processes, enzymatic catalysis, and other situations that require more than just a 
static native structure; (3) understand how protein respond to solvents, pH, sahs, 
denaturants, and other factors; and (4) design synthetic proteins having 
nonccinonical amino acids or foldameric polymers with non-biological backbones. 
But all these findings need to be cross-checked. The role of in vitro 
unfolding/refolding studies with real proteins comes here. 
1.5. Folding of multi-domain proteins 
Evolution allowed proteins to acquire the capacity (i) to create new functions by 
the cooperation of two or more domains in the formation of one common active 
center, (ii) to become multifunctional, this way allowing regulated networks of 
processes to develop, (iii) to enhance the rate of self organization by synchronous 
nucleation at multiple sites (which has happened in the case of albumins), and (iv) 
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to improve the stability by protecting the folding polypeptide chain in its sub-
structures from cotranslational degradation. 
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Figure 4: Ribbon structure of human serum albumin with specific binding sites of 
different ligands (Ghuman et al 2005). FA stands for fatty acid binding site. 
Regarding their folding and association mechanism, multi-domain and multimeric 
systems may be modeled as the sum of their constituent parts plus contributions 
attributable to their mutual interactions (Brandts et al 1989). In multimeric 
systems, the steps preceding subunit assembly are the same as in single domain 
proteins. The overall mechanism consists of three stages, (i) the formation of 
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elements of secondary and super-secondary structure, (ii) their collapse to sub-
domains and domains ending up with structured monomers and (iii) association to 
form the correct stoichiometry and geometry of the native quarternary structure 
(Jaenicke 1996). Urea denaturation and subsequent refolding upon dilution suggest 
multiple intermediates, leading to the native state via an inactive heterodimeric 
species (Zeigler et al 1993; Clark et al 1993). 
Investigating the folding of the separate a and p-chains showed that the lag in the 
formation of the active dimer is caused by slow folding steps of the individual 
subunit chains, which differ in their rates. Since separate folding of a and (3 leads 
to a decrease in reactivation, one may assume that the faster folding P-chain 
provides a 'matrix' for the slower folding a-chain, thus trapping a and shifting the 
equilibrium toward the native state. Obviously, kinetic competition of folding and 
association (corresponding to folding and docking in the previous example) 
constitutes a trap on the folding path, which guides the subunits to the energy 
minimum of the active heterodimer (Baldwin et al 1993). 
Among multi-domain monomeric proteins albumin is a chief choice for protein 
folding studies (Peters 1996; Dockal et al 1999; Muzammil et al 1999; Ahmad et 
al 2004A). Albumin is one of the longest known and probably the most studied of 
all proteins. Its manifold diverse functions have attracted the interest of scientists 
and physicians for generations. Its applications are many, including in clinical 
medicine and in basic research. Albumin is the most abundant protein in plasma. 
Changes in serum albumin concentration in disease, typically the marked decline 
in malnutrition and in renal and liver disease, have long served as diagnostic and 
prognostic criteria (Peters 1996). 
Among its fellow proteins albumin is best known for its ability to bind smaller 
molecules of many types (Fig.4). The flexibility of its structure adapts it readily to 
ligands, and its three-domain design provides a variety of sites (Brown and 
Shockley 1982; Honore 1990; Kragh-Hansen 1990). It is generally accepted today 
that albumin evolved from an ancestral protein of about 190 amino acids by 
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triplication of tiiis primordial domain (Carter and He 1990). This view is most 
impressively documented by the striking internal homology of the atomic structure 
of the protein, by the unique arrangement of disulfide loops that repeat as a series 
of triples and by the symmetrical location of the introns and exons of the albumin 
gene on 4* chromosome. Recombinants of domains of HSA exhibit secondary and 
tertiary structure comparable to HSA (Dockal et al 1999). Several physico-
chemical properties of HSA has been given in table 2. 
Table 2: Physico-chemical properties of human serum albumin (Peters 1996). 
Property Human serum albumin 
Molecular Mass (Da) 
From composition 66,438 
Best values in solution 66,500 
Diffusion constant Dio.wX 10 ,dcm /s 6.1 
Intrinsic viscosity,ri 0.042 
Overall dimensions, A° 
(from physical chemistry) 
Isoionic point 
Isoelectric point (at r=0.15) 
Optical absorbance, 279nm, IgL"' 
Mean residue rotation [m']233 
Net charge 
Estimated a helix,% 
38X150 
5.16 
4.7 
0.531 
8590 
-15 
67 
Albumin synthesis is governed by a single or unique gene (Hawkins and 
Dugaiczyk 1982), which is expressed in a codominant manner, i.e., both alleles are 
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transcribed and translated. Albumins show high level of homology in amino acid 
sequence, ligand binding specificities, conserved sequences etc (Peters 1996; 
Minghetti et al 1986; Panjehshahin et al 1992). Comparison of mature albumin 
sequences of human to cow, human to pig, human to rabbit and cow to pig shows 
75.6%, 75%, 74% and 79.6% sequence identities respectively (Peters 1996), as 
compared by the ALIGN program (Myer and Miller 1988) modified in FASTA 
format. Seeing the importance in protein folding study and higher conservation in 
structure and function among albumins from different sources makes their 
comparative unfolding/refolding study an interesting survey. This will not only 
help in update the evolutionary history of albumins, but also improve this class of 
protein as a biotechnological tool. 
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Chapter 2 
MATERIALS AND METHODS 
Chapter 2 
2.1. MATERIALS 
2.1.1. Proteins 
Bovine serum albumin (42F-9365), human serum albumin (104K636), 
rabbit serum albumin (104K7560), pig serum albumin (024H9313) (all 
essentially fatty acid free) were purchased from Sigma Chemical Co. (St. 
Louis, MO, USA). 
2.1.2. Reagents used in unfolding/refolding studies 
Methanol, ethanol, Propan-2-ol (IP), 2,2,2-trifluoroethanol (TFE), ultra 
pure urea, guanidine hydrochloride and cetyltrimethylammonium bromide 
(C,6H33N (^CH3)3Br^ , CTAB) were obtained from Sigma Chemical Co., St. 
Louis, MO, USA. The gemini, bis(cetyldimethylammonium)butane 
dibromide (C,6H33(CH3)2N^-(CH2)4- N \ C H 3 ) 2 Ci6H33.2Br", G4), was 
synthesized and characterized as described elsewhere (Kabir-Ud-Din et al 
2006). Methyl cyanide (MeCN) was supplied from Qualigens Fine 
Chemicals, India. All other reagents used were of analytical grade. 
2.1.3. Miscellaneous 
Dialysis tubings of 1-inch width were obtained from Sigma Chemical Co, 
MO, USA. Whatman filter papers (No.l) were product of Whatman 
International Ltd., Maidstone, England. Parafilm 'M' was obtained from 
Pechiney plastic packaging, USA. 
l-anilinonaphthalene-8-sulfonate (ANS), N-acetyl-L-tryptophanamide 
(NATA) and glycine were obtained from Sigma Chemical Co., St. Louis, 
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MO, USA. Sodium dihydrogen phosphate, disodium hydrogen phosphate, 
sodium hydroxide, hydrochloric acid, sulphuric acid, sodium acetate and 
acetic acid were obtained from Qualigens Fine Chemicals, Mumbai, India. 
All glass-distilled water was used throughout these studies. All the 
experiments were performed at room temperature unless otherwise stated. 
2.2. METHODS 
2.2.1. pH measurements 
pH measurements were carried out on Mettler-Toledo MP 120 digital pH 
meter. The least count of the pH meter was ± 0.01 pH unit. The pH meter 
was routinely calibrated at room temperature with either 0-05 M potassium 
hydrogen phthalate buffer, pH 4-0 in the acidic range or 0-0IM tetraborate 
buffer, pH 9-2 in the alkaline range. 
2.2.2. Preparation of stock protein 
Protein stock solutions (5 mg/ml) were prepared in 60mM phosphate 
buffer, for pH 7.0 and 20mM glycine-HCl buffer, for pH 2.0. To prepare 
the stock solution at pH 13, protein was directly dissolved in NaOH 
solution of pH 13. 
2.2.3. Concentration determination 
Protein concentrations were determined spectroscopically using specific 
extinction coefficient £^\,n of 0.63 for BSA, 0.5 for HSA, 0.64 for RSA 
and 0.67 for PSA by measuring the absorbance of protein at 280 nm on a 
Hitachi U-1500 spectrophotometer, determined by the following formula 
(Gill and Von Hippel 1989). 
A280 (Img/ml; 1cm) = (5690nw + 1280 n. + 60 n,)/ M (1) 
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Where A is the absorbance at 280nm, n^ is the number of tryptophanyl 
residues, riy is the number of tyrosinyl residues, nc is the number of 
cystines, and M is the molecular weight of the polypeptide. To the stock 
protein solutions different volumes of buffer were added first, followed by 
the addition of stock MeCN (assumed to be 100 %v/v) to get a desired 
concentration of cosolvent. The final solution mixture (1.0ml) was 
incubated for 8-10 hours at room temperature before optical measurements 
were recorded. 
2.2.4. Circular dichroism (CD) measurements 
CD measurements were carried out with a Jasco spectropolarimeter, model 
J-720 and J-815. The instruments were calibrated with d-10-
camphorsulphonic acid. All the CD measurements were made at 25°C with 
a thermostatically controlled cell holder attached to Neslab's RTE-110 
water bath with an accuracy of ± O-TC. Spectra were collected with scan 
speed of 20 nm/min and response time of 1 sec. Each spectrum was the 
average of 3-4 scans. Far and near IJV CD spectra were obtained with 1 
mm and 10 mm path length cells respectively. 
The results were expressed as MRE (Mean Residue EUipticity) in deg. cm .^ 
dmof which is defined as 
MRE = eobs/(10xnxlxCp) (2) 
Where 9obs, is the observed ellipticity in degrees, n is the number of peptide 
bonds per molecule, Cp is the molar fraction, and '1' is the length of light 
path in cm. Helical content was calculated from the MRE values at 222 nm 
using the following equation (Chen et al 1972): 
% a-helix = (MRE222nm-2340/30300) X 100 (3) 
18 
CD data have also analyzed by K2d software, an algorithm for the 
estimation of the percentages of protein secondary structure from UV 
circular dichroism spectra using a Kohonen neural network with a 2-
dimensional output layer. It uses a self-organising neural network to extract 
from a set of circular dichroism spectra ranging from 200 to 240 nm the 
secondary structure features present in the data (Andrade et al 1993). 
2.2.5. Infra-red (IR) measurements 
The single beam IR spectra were measured using PerkinElmer spectrum 
BX FTIR spectrophotometer equipped with lithium tantalate detector, with 
a spectral resolution of 1cm"' and 100 scans were collected in 650-4000cm' 
spectral range. The spectrum BX was connected with a PC, which uses 
spectrum software. All samples were monitored on a HATR (horizontal 
Attenuated Total Reflectance) attachment. Sample and solvent 
transmittance spectra were calculated with respect to the single beam of 
empty cell. Finally, the relative solvent spectrum was substracted from the 
sample one. Protein concentration of samples was 0.30mM. 
2.2.6. Fluorescence measurements 
2.2.6.1. Intrinsic fluorescence: Fluorescence measurements were 
performed on a spectrofluorometer (Shimadzu-RFPC 5301) equipped with 
a PC. The fluorescence spectra were measured at 25 ± 0-1° C with a 1 cm 
pathlength cell. Intrinsic fluorescence was measured by exciting the protein 
solution either at 280 or at 295 nm and emission spectra was recorded in the 
range of 300^00 nm. 
2.2.6.2. Extrinsic fluorescence: A stock solution of ANS was prepared in 
distilled water and its concentration was determined using an extinction 
coefficient of £M = 5000 M"'cm"' at 350 nm. For ANS fluorescence in the 
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ANS binding experiments, the excitation was set at 380 nm and the 
emission spectra were taken in the range of 400-600 nm. Protein to ANS 
molar ratio was 1:50. 
2.2.7. Acrylamide quenching experiments 
Aliquots of 5 M acrylamide stock solution were added to the protein 
solution (0-1 mg/ml) to achieve the desired range of quencher concentration 
(0-1-0-5 M). To excite the tryptophan residues only, excitation wavelength 
was set at 295 nm and the emission spectra were recorded in the range of 
300^00 nm. 
The data was analyzed according to Stern-Volmer equation (Eftink and 
Ghiron 1976): 
Fo/F = l+Ksv[Q] (4) 
Where FQ and F are the fluorescence intensities at 340 nm in the absence 
and presence of quencher, respectively; Kjv is the Stem-Volmer constant 
and [Q] is the molar concentration of the quencher. 
2.2.8. Fractional denaturation studies 
The fractional denaturation (fo) of proteins at different pH was calculated 
with the help of following equation: 
fD=(Yi,-Y)/(YN-YD) (5) 
Where YN, YQ and Y are MRE222 or relative fluorescence intensities of the 
native, denatured and at the transition states of the protein respectively. 
2.2.9. Folding studies on albumins 
2.2.9.1. TFE/MeCN induced conformational transition of acid unfolded 
HSA: To study the effect of MeCN and TFE on the conformation of acid 
denatured HSA at pH 2.0, different volumes of these cosolvents were added 
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from the supplied stock directly taken in different volumes of the buffer so 
as to get the desired concentration of the cosolvents. The final volume in 
each tube was 2.0 ml. 
2.2.9.2. Aggregation studies: The degree of aggregation induced in the 
protein has been observed by measuring the absorbance at 350nm on a 
Hitachi U-1500 spectrophotometer. Rayleigh's scattering measurements 
has been done by observing emission at 350nm after exciting at 350nm at 
pH 2.0 and 7.3 respectively on Shimadzu-RFPC 5301 spectrofluorometer. 
The fluorescence spectra were collected at 25 °C with a 1 cm path length 
cell. The excitation and emission slits were set at 5nm. 
2.2.10. SANS data analysis 
In small-angle neutron scattering (SANS), coherent differential scattering 
cross-section per unit volume dZ/dQ as a function of Q is measured. For a 
system of monodisperse interacting protein molecules, dl /dD (Q) can be 
expressed as (Hayter and Penfold 1983): 
dQ iQ) = N/^(p^-pj'{{F'(Q) )+{FiQ)y[s/Q)-l]}+B (6) 
where Np is the number density of the protein, p^ and p^is the scattering 
length density of the protein and the solvent and Vp is the volume of the 
protein molecule. F(Q) is the single particle form factor and Sp(Q) is the 
interparticle structure factor. 5 is a constant term that represents the 
incoherent scattering background, which is mainly due to hydrogen in the 
sample. The single particle form factor has been calculated by treating the 
protein macromolecules as a prolate ellipsoid. For such an ellipsoidal 
particle 
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F\Q))=\{F{Q,Mfdfi] (7) 
o 
{F{Q)f=^\[F{Q,M)\df\ (8) 
P^Q^^^J_{s^nx_-_xcosxl (9) 
X 
x = Q[a'fi'+b\\-iii')Y' (10) 
where a and b are, respectively, the semi-major and semi-minor axes of the 
elHpsoidal protein macromolecules and // is the cosine of the angle between 
the directions of a and the wave-vector transfer Q. 
In general, charged colloidal systems such as protein solutions show a 
correlation peak in the SANS distribution. The peak arises because of the 
interparticle structure factor Sp(Q) and indicates the presence of 
electrostatic interaction between the colloids. In the case of low 
concentration of protein solution, Sp(Q) can be approximated to unity as the 
interparticle interactions are minimized. 
The unfolding of proteins has been modeled using the necklace model of 
protein-surfactant complexes that assumes micelle-like clusters of 
surfactant randomly distributed along the unfolded polypeptide chain. The 
cross-section for such a system can be expressed as (Chamani 2006): 
— ( 0 - — ^ r * -V p rp{Q)S{Q)+B (11) 
dQ M N "^ m s f 
P 
where Nj is the number density of the total surfactant molecules in 
solution, Vnj the volume of the micelle and A'^  the number of such micelles 
attached to a polypeptide chain, b^ represents the scattering length of the 
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surfactant molecule. P(Q) denotes the normalized interparticle structure 
factor {<I^(Q)>) of a single micelle-like cluster, which, for a spherical 
particle of radius 7? is given by (Tanford 1980) 
P(0)=\ ^{^HQR)-QR^o<QR)) f (12) 
^ {QRf •• 
Sj(Q) has been calculated using fractal structure for the necklace model of 
protein-surfactant complex. The arrangement of micelle-like clusters is 
assumed as fractal packing of spheres. In this case, Sj(Q)\?, given as 
(Teixeira 1988): 
Sj{Q)=\ + — ^ 7 —^^ Tm^w.^ r^  sin[( D - l)tan '' (g^)] (13) 
where D is the fractal dimension of the micellar distribution in space and ^ 
the correlation length that is a measure of the extent of unfolding of the 
polypeptide chain. 
The dimensions of the protein macromolecule at low surfactant 
concentrations have been determined from the analysis. The semi-major 
axis {a) and the semi-minor axis {b=c) are the parameters in analyzing the 
SANS data. At higher surfactant concentrations the fractal dimension {D), 
correlation length (^, number of micelles {N) and radius of micelles (i?) are 
the fitted parameters to characterize the unfolding of protein. The 
aggregation number of the micelle-like clusters in the complex is calculated 
by ^ = Nil{NpN). Throughout the data analysis, corrections were made for 
instrumental smearing. The parameters in the analysis were optimized by 
means of a non-linear least-square fitting program and the errors on the 
parameters were calculated by the standard method. 
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2.2.11. Analysis of urea and GuHCl unfolding equilibria 
Denaturant unfolding curves were analyzed on the basis of two-state 
unfolding model. For a single step unfolding process, N ^ U , where N is the 
native state and U is the unfolded state, the equilibrium constant K^  is 
K , - f u / f n = ( l - f n ) / f n ( H ) 
with fu and fn being the molar fraction of U and N, respectively. 
To determine Ku, it is necessary to count with a physical method to 
determine the concentration of molecules in the native and unfolded states. 
Because Ku is usually small, Ku« l , and the properties of both 
conformational species must be known, the determination of the 
equilibrium constant requires the perturbation of the system. This is 
accomplished by the addition of a denaturant. The denaturant increases Ku, 
allowing the determination of the physical property for the individual 
species and, with them, Ku at different concentrations of denaturant. As the 
spectral features studied here are linearly related to the concentration of the 
species, then 
Vobs =Vn fn + Vu f u a n d K u = (Vobs -Vn) / (Vu -Vobs) ( 1 5 ) 
where Vobs, Vn and Vu represent the observed property, the property of the 
native state, and the property of unfolded state, respectively. 
The change in free energy of unfolding in the absence of denaturant, AGu"^ , 
is obtained by the linear extrapolation model (Greene and Pace 1974; Pace 
1986). The relationship between the concentration of denaturant D and 
AGu"^  is approximated by the following equation: 
AGu=AGu"-m[D] (16) 
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Where, AGu = -RT In (K^) (17) 
And, m - 5AGu/5D (18) 
The AGu^  and the 'm' parameter were obtained by linear regression using 
the equilibrium constants of the transition region of the unfolding curve. 
At the midpoint of the unfolding process, 
[fa] = [ fu] 
Hence, from eq. (14), Ky =1 
Fromeq. (16),AGu'' = m*Cm 
or, the midpoint concentration of denaturant Cm=AGu^ /m (19) 
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Chapter 3 
ALKALINE-UNFOLDING 
STUDIES ON BSA 
Chapter 3 
(A) Formation of a molten globule like state in bovine 
serum albumin at alkaline pH 
3A.1. Introduction 
Serum albumins undergo a number of pH dependent conformational 
transitions. At neutral pH, the normal 'N' form exists. Between pH 7.0 to 
8.0, HSA and BSA undergo conformation transition to 'B' or basic form; 
known as N ^ B transition, slowly going to 'A' or aged form near pH 10.0 
(Ahmad et al 2004A). But what happens at pH 10 and above, is not yet 
studied well. In this range of pH tyrosinyl residues (pK=10.1) get 
deprotonated, resulting in a cooperative transformation of the albumins 
(Steinhardt and Stocker 1973; Honore 1987). At extreme pH the peptidyl 
residues get positively (for low pH) or negatively (for high pH) charged, 
which produces local coulombian force of repulsion that counteracts 
internal stabilization forces of a protein, and resuU in unfolded state of a 
protein (Ahmad et al 2004A). 
The mechanism by which protein folds from a structureless denatured state 
to their unique biologically active state is an intricate process. However, 
recent advances in biophysical techniques (El Kadi et al 2006; Plaxco and 
Dobson 1996) both thermodynamic and kinetic studies have shown the 
presence of stable intermediate states in a number of proteins (Horwick 
2002; Calamai et al 2005; Privalov 1996). One such intermediate is called 
"molten globule state", characterized by compact secondary structure but 
lacking rigid tertiary contacts. Although recent developments support the 
idea that a molten globule may also possess well defined tertiary contacts. 
Goldberg et al. has introduced the term "specific molten globule". The 
specific molten globule is a rather compact intermediate with a high content 
of native secondary structure, but a fluctuating tertiary structure. It contains 
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an accessible hydrophobic surface susceptible to binding a hydrophobic 
dye, ANS (Goldberg et al 1990 ; Chaffotte et al 1992). 
The folding process is even more complex in multi-domain proteins where 
each domain may be capable of folding independently and inter-domain 
interactions may affect the overall folding process (Gelamo et al 2002; 
Viallet et al 2000; Privalov 1982). One such example is BSA, a well-known 
model for protein folding studies. BSA is a single chain polypeptide, 
devoid of any prosthetic group, having 583 amino acid residues arranged in 
three homologous domains, which further have two sub-domains each. In 
this study we have tried to understand the unfolding mechanism of BSA at 
different pH from 7.0 to 13.0. 
3A.2. Results 
3A.2.1. pH dependent unfolding of BSA: BSA unfolds as pH increases in 
alkaline range (Ahmad et al 2004A). Cleavage of BSA at higher alkaline 
pH can be avoided if incubation period is not more than one hour (Aoki et 
al 1973). The conformational changes in the secondary structure of BSA 
have been studied with far UV CD, in the range of 200 to 250 nm at pH 7.0, 
11.2 and 13.0 (figure 1; inset). The spectra at pH 7.0, shows characteristic 
minima at 208 and 222 nm, a known feature of a-helical proteins (Chen 
1974). Moreover, Mean Residual Ellipticity at 222 nm (MRE222) is a widely 
used probe for a-helical conformation of a protein. 
Fig. 1 shows decrease in the MRE222 of BSA with increase in pH from 7.0 
to 13.0, which can be divided into three phases. In the first phase, which 
extends from pH 7 to 9, there is no significant change in MRE. In the pH 
range of 9 to 11.2, there is a little decrease and in the pH range of 11.2 to 
13.0, a sudden fall in the MRE can be observed. 
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Figure!. Effect of pH on the mean residue ellipticity (MRE) of BSA was 
monitored at 222nm by far UV-CD. Protein concentration used was 7.5(iM. 
(Inset) Far UV-CD spectra of BSA at pH 7.0 (-), 11.2 (-) and 13.0 ( ) 
respectively. 
BSA contains two tryptophanyl residues, at 134* position of domain I and 
213"" position of domain IIA respectively. Tryptophanyl residue of a 
protein exclusively excites at 295nm, but at 280nm it excites along with 
tyrosinyl residues. Figure 2 depicts the changes in maximum emission 
wavelength after exciting at 280 and 295 nm against increasing pH from 
7.0 to 13.0. Maximum emission wavelengths were found to be 340 and 346 
nm after exciting at 295 and 280 nm respectively at pH 7.0. They remained 
unaltered till pH 9.0, but then decreased to 333 nm and 338 nm respectively 
at pH 11.2. In contrary, at pH 13 it shows a red shift of 12nm and 9nm after 
exciting at 295 and 280 nm respectively. 
The Protein doesn't show any significant change in its secondary (Fig.l) or 
tertiary structure (Fig.2) in the pH range of 7.0 to 9.0. But significant 
decrease in tertiary constrains may observed in the pH range of 9.0 to 11.2 
(Fig. 2, 3), without any significant change in secondary structure (Fig.l). It 
may have happened due to formation of a state where the secondary 
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conformation of the protein almost remains unaltered with total disruption 
of tertiary contacts, called 'molten globule' state. 
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Figure 2: Wavelength maxima of BSA, after exciting at 280 nm {•) and 295 
nm (o) against increasing pH from 7.0 to 13.0. 
Fig. 2 shows clear blue shift in the maximum emission wavelength in the 
chromophoric amino acid residues in the pH range 9.0 to 11.2. Blue shift in 
emission wavelength shows that the tryptophan has shifted to a more apolar 
environment, ft may have happened due to internalization of tryptophan 
around pH 11.2. ft also supports stabilization of an intermediate state with 
abrupt decrease in the non-local and increase in the local contacts. 
To make the picture clear, we have plotted a graph of fractional 
denaturation (fo) of the secondary (MRE222) and tertiary (relative 
fluorescence intensities after exciting at 280 and 295 nm, and as emitted at 
340 nm) structures against increase in pH from 7.0 to 13.0 (Fig. 3A). There 
is almost 40% loss of tertiary structure as pH increases from 7.0 to 11.2, but 
no change in secondary structure can be observed in this pH range. Tertiary 
structure of BSA starts disrupting at pH 9.0, while secondary structure at 
pH 11.2 and both disrupt totally by pH 13.0. Not only that, the slope of 
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unfolding of the secondary structure is stiffer than that of the tertiary 
structure as pH increases from 11.2 to 13.0. 
Protein ANS complex is excellently used as a probe for a molten globule 
state. ANS is a hydrophobic dye that binds at the hydrophobic sites of a 
protein. Interestingly, BSA-ANS binding decreases with increase in pH 
(Matulis and Lovrien 1998). Fig. 3B shows the change in relative 
fluorescence intensities of BSA-ANS complex at 470nm as a function of 
pH. With increase in pH the fluorescence intensities of BSA-ANS complex 
have decreased, except at pH 11. It again supports the possibility of 
formation of molten globule state in BSA near pH 11. 
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Figure 3. Fractional denaturation (fc) of BSA as observed at 340 nm, when the protein was excited at 280 nm (o) and 
295 nm (A) and MRE222 (•) against increasing pH (A), Relative fluorescence Intensity at 470 nm of ANS-BSA 
complex with increasing pH after exciting at 380nm (B), 
3A.2.2. Reversibility studies of alkaline unfolded BSA: The reversibility 
properties of the alkaline unfolded protein have thoroughly checked by far 
and near UV-CD. Fig. 4A depicts the far UV CD spectra of BSA at pH 7.0, 
13.0, the alkaline unfolded (at pH 13.0) BSA re-dissolved in the buffer at 
pH 7, and the protein unfolded with 6M GuHCl. At pH 7, the far UV CD 
spectrum shows the characteristics of a helical protein with the negative 
minima at 208 and 222 nm. At pH 13.0, the far UV CD spectrum of BSA is 
closer to the baseline than that of the spectrum of 6M GuHCl unfolded 
^^ 
protein. It seems that the alkaline unfolded BSA at pH 13.0 acquires an 
unfolded state that is devoid of secondary structure as compared to 6M 
GuHCl unfolded BSA. Interestingly, the alkaline unfolded protein regains ~ 
40% structure as it has redissolved in the refolding buffer of pH 7.0. 
But the tertiary structure of the unfolded protein has not changed in a 
similar way, as seen with the help of the change in near UV CD spectrum 
of BSA (Fig. 4B). Near UV CD of BSA at pH 7.0, 13.0, the alkaline 
unfolded (at pH 13.0) BSA redissolved in pH 7 buffer and of the protein 
unfolded with 6 M GuHCl have done in the range of 250-320 nm. 
Spectra in the region 260-320nm arise from the aromatic amino acids. 
Each of the amino acid has characteristic wavelength range. Tryptophan 
shows fine structures between 290-305 nm; tyrosine between 275-282 nm 
and phenylalanine shows weaker bands around 255-270nm. 
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Figure 4. (A) Far UV-CD, and (B) near UV-CD spectra of BSA at pH 7.0 (-), 13.0 ( ), reversibility (—) and 
GuHCl unfolded ( ) respectively. Protein concentration used was T.SjiM. 
BSA at pH 7.0 shows a characteristic spectrum similar to earlier report (Lee 
and Hirosa 1992) with shoulders near 262, 268 and 280 nm (Fig 4B), but at 
pH 13.0, it shows a distinctly different spectrum with a positive peak near 
255 nm, which is again quite different from the spectrum of 6M GuHCl 
unfolded protein. Interestingly, the reversibility point shows spectrum very 
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similar to the alkaline unfolded one. From these observations, we may 
conclude that although BSA loses all its structure at extremely high pH and 
acquire a state similar to 6M GuHCl unfolded one, but it can regain its 
secondary structure to some extent. In contrary, the tertiary contacts fail to 
reestablish. 
3A.3. Discussion 
3A.3.1, Alkaline denaturation of BSA: formation of a state with 
secondary structure lesser than 6 M GuHCl unfolded one: Proteins are 
assumed to be featureless (random coils) under sufficiently denaturing 
conditions; like in the presence of 6M GuHCl (Tanford 1968) random coils 
are freely joined chains in which there is no correlation between the 
orientations of two chain monomers at any length scale. Flory's treatment 
of unfolded chains stems from his 'isolated-pair hypothesis', that the ^,\\J 
angles that specify the backbone conformation of each residue are 
independent of one another (Flory 1969). However, failure of the Flory 
isolated pair hypothesis (Pappu et al 2000), existence of systematic local 
steric restrictions beyond the dipeptide (Fidzkee and Rose 2004B) and 
demonstration of random coil statistics for partially organized peptide 
chains (Fidzkee and Rose 2004A) suggest that the random coil state 
achieved by 6M GuHCl need not to be an unfolded state. Alkaline unfolded 
BSA at pH 13.0 is showing secondary structure similar to 6M GuHCl 
unfolded protein. Even the near UV CD data clearly shows the similarity of 
the spectra of the native and the 6 M GuHCl unfolded BSA in comparison 
to that of alkaline unfolded one. GuHCl being a salt ionizes in aqueous 
solution to Gu^ and CI" ions, which then mask the positively and negatively 
charged amino acid side chains of the protein, hence reducing or 
completely eliminating any stabilizing or destabilizing electrostatic 
interactions (Robles-Vasquez et al 1994). On other hand, increase in pH 
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gradually anionizes first the uncharged and then the positively charged 
amino acid side chains. First the tertiary structure has disrupted, and then 
the secondary structure, as we can see from the far UV CD and the 
tryptophanyl and tyrosinyl fluorescence studies. Tertiary contacts like 
electrostatic interactions, non-local hydrogen bonding and hydrophobic 
interactions may have disrupted first. In contrary, the secondary structure 
seems to be very rigid to disruption before pH 11 due to the presence of 
high percentage of a-helix, and then it collapses immediately with increase 
in pH. It can be explained by the phenomenon that, hydrogen bonding 
together with steric considerations limit backbone segments to a small 
repertoire of accessible conformers. Characteristic all or none folding 
behavior is triggered by the shift to or from conditions that favor or 
disfavor intra-molecular hydrogen bond formation. Furthermore, an 
extended state devoid of any well-defined secondary or tertiary contact 
seems to arise by the intra-molecular and inter-molecular electrostatic 
repulsion. 
There are clear indications that the alkaline denaturation of BSA is 
reversible but the tertiary contacts remain similar to the unfolded state. It 
can regain as much as 40% of its a-helical structure to form a native like 
state. The withdrawal of the electrostatic repulsion may have leaved room 
for local intra-molecular hydrogen bonding. 
The alkaline denaturation of BSA can be divided into three phases. In the 
first phase, in the range of pH 7.0 to 9.0, there is almost no significant 
change in its conformation. It is followed by a phase (~pH 9.0 to 11.0) of 
decrease in tertiary contacts without much visible change in secondary 
conformations and with imminent blue shift in tryptophanyl fluorescence. It 
seems that disruption of tertiary contacts has favored some local hydrogen 
bonding formation, so the tryptophan residue gets buried further. 
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Interestingly, the pK values of a and e amino groups, sulphhydrayl and 
hydroxyl groups lie in this pH range. In the third phase (pH range of 11.0 to 
13.0), the rest of the tertiary contacts collapse along with the total unfolding 
of secondary structure and red shift in tryptophanyl fluorescence. Increase 
in solvent accessibility of tryptophanyl residues again supports unfolding of 
the protein molecule. 
3A.3.2. High pH induced molten globule state in BSA: The formation of 
secondary structure in the early steps of protein folding has been observed 
for many proteins (Ballery et al 1993; Ptitsyn 1995). Such early species 
with high content of secondary structures were named "molten globule 
state" (Ohghushi and Wada 1983) and suggested that it was a general 
intermediate in the folding pathway of proteins (Ptitsyn 1995). The 
formation of molten globule as an early intermediate has been reported for 
several proteins, among them a-lactalbumin, carbonic anhydrase, P-
lactamase, the a and (32 subunits of tryptophan synthase, bovine growth 
hormone, phosphoglycerate kinase, stem bromelain. Human serum albumin 
etc.(Chaffotte et al 1992; Ballery et al 1993; Ptitsyn 1995). Early disruption 
of tertiary contacts before the melting of secondary structure results in the 
formation of molten globule like state in BSA around pH 11. Similar result 
has found by the acid denaturation of HSA at pH 2.0. The acid denatured 
state has shown six fold increases in ANS binding from the native state 
(Muzammil et al 1999). ANS binding decreases in protein with increase in 
pH. But at pH 11.0, an increase in ANS binding has observed, due to the 
formation of molten globule state. 
In short, BSA unfolded at pH 13.0 with structural contents lesser than that 
of 6M GuHCl unfolded BSA. It can also regain nearly 40% of the native 
secondary structure in the presence of 0.06M sodium-phosphate buffer of 
pH 7.0. At pH 11.2, a molten globule like state seems to form with native 
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like secondary structure and 40% loss in tertiary structure. We can further 
characterize the states arises due to alkaline unfolding of BSA with various 
stabilizing cosolvents. 
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(B) Effect of alcohols on alkaline unfolded state of BSA: 
formation of aggregation with increase in a helicity 
3B.1. Introduction 
Bovine serum albumin (BSA) is a well-established model for studying 
unfolding and refolding of multi-domain proteins in vitro. Serum albumins 
undergo a number of pH dependent conformational transitions. The 'N' 
form exists at neutral pH. 'B' or basic form exists at pH 8.0, slowly going 
to 'A' or aged form near pH 10 (Peters 1996). But what happens at higher 
pH, has not yet studied well (Aoki et al 1973; Ahmad et al 2004A). In this 
range of pH, tyrosine residues (pK=10.1) get deprotonated, resulting in a 
cooperative transformation of the albumins. 
In pH denaturation, the peptidyl residues get positively (for low pH) or 
negatively (for high pH) charged, which produces local coulombian force 
of repulsion that counteracts internal stabilization forces of a protein, and 
result in unfolded state of a protein (EI Kadi et al 2006). The ability of 
albumins to undergo a major reversible conformational modification, 
induced by decrease or increase in pH has been documented in a wide range 
of methods (Foster 1977; Dockal et al 2000; Gascao Pereira et al 2003). 
Since no albumin crystal structure is so far available at acidic or alkaline 
conditions, the structural changes induced at these conditions are not 
known at atomic level resolution. However the conservation of the above 
transition in a number of animal species suggests for it an important 
physiological role, probably linked to the ligand/ drug delivery and 
distribution mechanism (Cartor and Ho 1994), making it an important 
problem to explore. Recent advances in biophysical techniques (El Kadi et 
al 2006; Plaxco and Dobson 1996) both thermodynamic and kinetic have 
shown the presence of stable intermediate conformational states in a 
number of proteins induced by various factors, including pH, which helped 
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in the understanding of protein folding phenomenon (Horwick 2002; 
Calamai et al 2005; Privalov 1996). The folding process is even more 
complex in multi-domain proteins where each domain may be capable of 
folding independently and inter-domain interactions may affect the overall 
folding process (Gelamo et al 2002; Viallet et al 2000; Privalov 1982). 
Studies on alcohol protein interaction provide insight into biologically 
important events because the alcohol solutions mimic the environment of 
bio-membrane, modify folding pathways of proteins and induce the 
assembly of biologically relevant peptides (Konno et al 2000). Water-
alcohol mixtures of methanol, ethanol, IP or 2, 2, 2- trifluroethanol (TFE) 
denature the tertiary or quaternary structures of proteins but enhancing 
helical structures (Bhakuni 1998). Fluorinated alcohols like TFE and HFIP 
are well known a helix inducers for almost all proteins. The denaturing 
capacity of alcohols increases with their carbon chain length, branching and 
presence of electron pushing groups like halogens. Various alcohol induced 
intermediates has been characterized so far in our lab also (Khan et al 2000; 
Khan et al 2003; Hameed et al 2007). In previous study we have found that 
BSA unfolds reversibly at pH 13.0 (Sen et al 2008). Here, we have taken 
methanol and ethanol (short carbon chain low molecular weight alcohols), 
IP (branched-chain alcohol) and TFE (halogenated alcohol) to study the 
possible pathways the alkaline unfolded BSA can take in a nonpolar 
environment. 
3B.2. Results and Discussion 
3B.2.1. Alcohols have stabilized secondary structure in alkaline 
unfolded (UB) state BSA: Alcohols are well known secondary structure 
inducer in proteins (Khan et al 2000). Alcohols weaken non-local 
hydrophobic interactions at the cost of promoting local polar interactions 
(i.e. hydrogen bond) in proteins. Alcohol-induced rearrangement is 
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accompanied by stabilization of the extended helical rods in which 
hydrophobic side chains are solvent-accessible and polar amide groups are 
withdrawn from the solvent (Bhakuni 1998). 
Fig 1 shows that methanol (A), ethanol (B), IP (C) and TFE (D) have 
induced secondary structures in UB state BSA as well. In the presence of 
19.5M methanol (Fig.lA), spectrum shows a single negative peak near 215 
nm, which is a characteristic feature of [3-sheet structure (Naseem and Khan 
2005). Interestingly, in the presence of 12.0 M ethanol the spectrum of 
unfolded BSA shows a similar peak near 217 nm, again showing formation 
of p-sheet structure (Fig. IB). In Contrary, in the presence of 14.5 M ethanol 
it shows two negative minima near 212 nm and 222 nm, which is similar to 
the features for a-helical structure (Chen 1974). Ethanol seems to be more 
effective in inducing secondary structure in the protein than methanol at 
similar molarities (Binachi et al 1970; Herskovits et al 1970; Kundu et al 
2002). In the presence of 0.6M IP, the spectrum shows a single negative 
peak at 222 nm, which was absent in the unfolded protein (Fig.lC). The 
negative peak gradually increases along with the increasing concentration 
of IP upto 7.1M. Several |3-sheet and a|3 proteins also show similar minima 
near 222nm (Stevens et al 1968; Pflumm et al 1971; Sreerama and Woody 
2003). Fig ID shows far UV CD spectra of the unfolded protein in the 
presence of various concentration of TFE along with the native state (pH 
7.0) spectra of BSA for comparison (solid line). TFE, being a well-known 
a-helix inducer, has induced a-helix (with minima at 208 and 222nm) even 
at 2M. The helical structure induced by 6.2M TFE is almost 50% of that of 
the native state BSA. 
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Figure.l. Far UV CD spectra of BSA (7.5nM) at pH 13,0 (A) in the absence (solid line), presence of 1.2M (dotted line), 
3.6M (short dashed), 10.9 M (long dashed) and 19.5M (dash-dot-dashed) methanol, (B) in the absence (solid line), presence 
of 0.8M (dotted line), 8.5M (short dashed), 12.0 M (dash-dot-dashed) and 14.5 M (dash-dot-dot-dashed) ethanol, (C) in the 
absence (solid line), presence of 0.6M (dotted line), 1.9M (short dashed), 4.5 M (dash-dot-dashed) and 7.1M (long dashed) 
propan-2-ol (D) in the absence (solid line), presence of 2.CM (short dashed), 3.4 M (long dashed) and 6.2 M (dash-dot-
dashed) TFE and native BSA at pH 7.0 (dash-dot-dot-dashed). 
3B.2.2. Formation of a-helix has induced aggregation in UB state BSA: 
Figure 2 and table 1 show percent a-helix of the UB state BSA in the 
presence of methanol and TFE in comparison to the absorbance at 350nm. 
Absorbance at 350nm is used as a probe for the aggregation of the protein 
samples, which generally arises due to aggregation. In the presence of 
methanol, a-helix has apparently increased upto 10% at 18.3 M 
concentration, while 26.5% in the presence of 6.2M TFE respectively. 
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In the presence of only 0.7M TFE, high aggregation (0.24) was observed, 
which reached to 0.58 at 6.2M concentration. On the other hand, protein 
has shown insignificant aggregation (0.13) in the presence of 18.3M 
methanol. Interestingly, the percent a-helix and aggregation of the UB state 
BSA have increased simultaneously with increase in concentration of TFE, 
but only baseline changes of a-helicity (-6%) and aggregation were 
observed in the presence of methanol. 
5 10 15 
Alcohol conc.(M) 
Figure.2. Percent a-helix (•) and aggregation (absorbance at 350nm) (A) 
formed in the presence of methanol and Percent a-helix (o) and 
aggregation (absorbance at 350nm) (A) formed in the presence of TFE, 
in alkaline unfolded BSA (7.5nM). 
Generally, (3 structures are associated with the formation of aggregation in 
protein, but a-helical aggregates have also reported in tau protein (Sadqi et 
al 2002; Goux 2002; Barghom et al 2004). TFE favors the assembly of tau 
into a-helical aggregates that also prove to be more stable in analogy to the 
assembly of biologically functional a helical polymers, the aggregation 
process involves the arrangement of preformed a helices into coiled-coils 
(Kunjithapatham et al 2005). 
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Table 1, Spectroscopic parameters of BSA at pH 13.0 in the absence, presence of 18.3M methanol, 13.7M ethanol, 7.1M propan-2-ol and 
6.2M 2,2,2-trifluoroethanol. 
Variables 
a-helix ^ 
AbS350 
RFI350'' 
RFI (306/350) 
RFI480'' 
BSA at pH 13 
(UB) 
4.1% 
0.07 
100 
0.3 
4.2 
UB + 18.3M 
methanol 
10% 
0.13 
402 
0.28 
432 
UB + 13.7M 
ethanol 
— 
— 
929 
0.39 
205 
U B + 7 . 1 M I P 
— 
— 
377 
0.26 
3.7 
UB + 6.2M 
TFE 
26.5% 
0.58 
228 
0.67 
— 
(a) Calculated by K2d (see section 2.2.4) 
(b) Excitation wavelength = 295 nm. 
(c) Excitation wavelength = 280 nm. 
(d) Excitation wavelength = 380 nm. 
ANS, binds with the exposed hydrophobic regions of partially folded 
proteins, was used to monitor the hydrophobic sites that may have 
accumulated during stabilization of the protein (Stryer 1965; Johnson and 
Fersht 1995). As alcohols are hydrophobic in nature we have done proper 
baseline correction with taking care of appropriate control. Figure 3 shows 
fluorescence intensities (at 480nm) of protein-ANS complex against 
increasing molar concentrations of methanol, ethanol and IP. TFE is 
excluded from this study because it induces high turbidity in protein even at 
low concentration. No significant ANS binding was observed in 0 to 7M 
alcohols, and then it has increased a little in the range of 7-lOM. But above 
10 M concentration, it has shown continuous increase in fluorescence in the 
presence of methanol and ethanol. Steep increment in ANS binding in the 
presence of higher concentrations of alcohols was an indication of 
formation of some intermediate state. 
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0 5 10 15 
Alcohol conc.(M) 
Figure.3. Relative fluorescence Intensity at 480nm of ANS-BSA complex (pH 13.0) with 
increasing molar concentration of methanol (empty circle), ethanol (filled circle) and IP 
(empty diamond), after exciting at 380nm. 
3B.2.3. Alcohols have stabilized tertiary structure in UB state of BSA: 
BSA possesses only two Trp residues, which excite exclusively at 295nm 
and emit in the range of 300-400nm with prominent peak around 350nm 
(Ahmad et al 2004A). So the relative change in the fluorescence intensities 
near 350nm can be used as a probe for the conformational variations in the 
vicinity of the protein's tryptophan residues and thus the core of the native 
protein. Figure 4A shows normalized relative fluorescence intensities at 
350nm of the unfolded protein against increasing concentrations of various 
alcohols after exciting it at 295nm. At low concentrations, except methanol, 
the alcohols used in this study have induced significant and continuous 
increase in the fluorescence intensity. But at higher (>10M) concentrations, 
all alcohols have shown roughly similar impact. Figure 4B shows the 
changes in the ratio of RFI at 306nm/350nm as excited at 280nm against 
increasing concentrations of alcohols, as a probe for tyrosine fluorescence 
of the unfolded protein in the presence of various alcohols (Fatima and 
Hussain 2007). 
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Figure.4. (A) Normalized Relative Fluorescence Intensity (Arbitrary Unit) of tryptophanyl residues (emitted at 350nm) of 
alkaline unfolded (pH 13.0) BSA with increasing molar concentration of methanol (empty circle), ethanol (filled circle), IP 
(empty square) and TFE (filled square), after exciting at 295nm, (B) Tyrosine Fluorescence (ratios of Relative Fluorescence 
Intensities of 306nm and 350nm) of alkaline denatured (pH 13.0) BSA against increasing molar concentration of methanol 
(empty circle), ethanol (filled circle), IP (empty diamond) and TFE (filled diamond), after exciting at 280nm. 
BSA contains 18 tyrosine residues, evenly distributed in the polypeptide 
chain. So the changes in tyrosine fluorescence may also probe the 
conformational transitions in the protein. The insignificant changes in the 
presence of increasing concentrations of methanol, ethanol and IP were 
observed. In the presence of TFE the tyrosine fluorescence didn't show 
much change till 6.2M, similar to other alcohols, but then increased more 
than two times higher at 9.4M. A shift in fluorescence intensity towards 
lower wavelength (from 350 to 306nm) indicates shift of fluorophores 
towards more apolar environment in the presence of TFE. Here, the highly 
unfolded protein may first regained its secondary structure and then get 
stacked (shown by shift of fluorophores towards more apolar environment), 
which ended in aggregation. 
Two types of alcohol have been used to induce conformational change in 
the UB state of BSA; non-fluorinated, monohydric, aliphatic alcohol (like 
methanol, ethanol and IP) and fluorinated alcohol TFE. In many proteins 
the order of alcohol induces destabilization of tertiary structure and 
stabilization of secondary structure is as following: MethanoKEthanoK IP 
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< TFE (Binachi et al 1970; Herskovits et al 1970; Kundu et al 2002; Kumar 
et al 2005). The highly unfolded UB state BSA seems to acquire secondary 
as well as tertiary contacts in the presence of alcohols in a similar order of 
effectiveness as given above. Methanol, being the simplest alcohol in the 
series, has induced secondary and tertiary conformations in a wide range of 
alcohol concentration than that induced by the others. Ethanol and also 
induce similar effects at much lower concentrations. TFE, even at very low 
concentration, increases the structure of solvent water and thus enhances 
hydrophobic interactions (Ben Nairn 2008), which may be responsible for 
the stabilization of protein structures. Further, the low dielectric constant of 
TFE (compared to that of pure water) favors intermolecular hydrogen 
bonding and electrostatic interactions. 
The native conformations of proteins has little tendency to aggregate 
because interaction between the protein fold render the majority of 
hydrophobic side chains, and the main chain amide and carbonyl groups are 
capable of forming strong hydrogen bonds, inaccessible to intermolecular 
interactions. The unfolded states, in contrast, exposes such regions of the 
polypeptide chain providing an opportunity for intermolecular interactions 
to take place, but higher ionic strength of the solvent hinders. The addition 
of moderate concentration of TFE enhances hydrophobic interactions and 
favors intermolecular hydrogen bonding in place of electrostatic repulsion 
raised by high concentration of alkali. At higher concentration of TFE, the 
UB state BSA probably acquires a coiled coil structure, as it has lower CD 
ellipticity at 208nm in compare to that of 222nm (fig ID). Indeed, in the 
presence of TFE, unfolded states of some proteins from which the 
aggregates have developed were ensembles of conformations with high 
helical content (Chiti et al 2000). A transient population with p sheet 
structure will exist even in a unfolded state where the ensembles were, on 
an average highly helical (Smith et al 1996). Such a transient population of 
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conformations in the unfolded state ensemble can be sufficient to allow 
aggregation to take place (Fink 1998). Even there are known examples of 
pathological polymers, like hemoglobin fibers in sickle cell disease (Eaton 
and Hofrichter 1990), in which the protein polymerizes maintaining its 
native a-helical structure. Cytoskeletal intermediate filaments are composed 
by a-helices arranged together as long coiled coils (Parry and Steinert 
1999). Even there are examples of aberrant aggregates in which the 
formation of a helix is associated with the aggregation process (Sadqi et al 
2002). 
The alkaline unfolded bovine serum albumin seems to first transform into 
non-random structures with an extent, depending on the chain length or 
presence of radicals in alcohols. Interestingly, in the presence of TFE, 
aggregation has increased with simultaneously with increase in a-helicity. 
Further work can be done to understand the nature of such aggregation, 
because similar phenomenon has already reported in many pathologically 
important plypeptides, including tau proteins. 
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Chapter 4 
COSOLVENT INDUCED 
UNFOLDING STUDIES ON 
ALBUMINS 
Chapter 4 
(A) Methyl cyanide induces a to p transition and 
aggregation at high concentrations in E state of 
human serum albumin 
4A.1. Introduction 
After the refolding experiment of ribonuclease, Anfinsen concluded that, all 
the information necessary to achieve the native conformation of a protein in 
a given environment is contained in its amino acid sequence (Anfmsen 
1973). But different schools are still trying to understand how a protein 
achieves its native conformation in such a short span of time. Helices and 
strands often take their conformational instructions from the solvent (Haq et 
al 2005; Bohidar and Mohanty 2004). The conformational studies of 
Albumins are important as it is the most multifunctional transport protein 
known to date. Albumin microspheres are useful carriers of therapeutic 
agents. HSA is also used in peritoneal dialysis, in combating the harmful 
effect of antibiotics and as a scavenger of toxic substances and free radicals 
(Peters 1996). HSA undergoes isomerization forming an 'E', or expanded 
form at around pH 2.0. Further increase in ionic strength leads to a decrease 
in acid expansion of the molecule indicating the involvement of ionic 
forces. Since all carboxyl groups are protonated under these conditions, 
protonation of basic amino acid side chains leads to mutual repulsion 
between domains and sub-domains of the molecule (Peters 1996). 
Possession of a high content of a-helical structure, high ANS binding, loss 
of cooperativity in the thermal transition with significant loss of tertiary 
contacts but retention of compactness, suggest that E state is a molten 
globule state. In view of previous results showing unfolding of domain III 
on acidification, loss of secondary structure may be attributed to the 
unfolding of domain III, whereas the retention of other properties similar to 
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those of the native state can be ascribed to domains I and II (Muzammil et 
al 1999). Binary mixtures of water with alcohols such as methanol, ethanol, 
or 2, 2, 2-trifluoroethanol (TFE) denature the tertiary and quaternary 
structures of proteins while enhancing their helicity (Khan et al 2000). TFE 
is a protein denaturant, which has also been shown to induce the molten 
globule state in many proteins (Buck et al 1993; Fan et al 1993). Among 
various alcohols, TFE is often preferred in such studies because of its high 
potential in stabilizing the a-helical structure. The secondary structures 
stabilized by TFE are assumed to reflect conformations that prevail during 
early stages of protein folding (Fan et al 1993). 
Absorption behavior of BSA and HSA are strongly dependent on their 
secondary and tertiary structure at different MeCN concentrations as 
demonstrated by CD and IR spectroscopy. MeCN is a widely used solvent, 
assists a-helix to (3-sheet transition, p-sheet formation etc in many proteins 
(Kandori et al 2002). It is more polar than alcohol, but less polar than 
water. Among several organic solvents used in Reverse Phase 
chromatography (RPC), MeCN is the most widely utilized because of the 
high resolution attainable probably due to the low viscosity of water-MeCN 
mixtures (Gekko et al 1998). In this study, we have tried to understand 
whether a protein follows different folding pathways in the presence of 
different solvent systems or similar pathway irrespective of its 
environment. The knowledge of the effect of these cosolvents on HSA is 
important in RPC as well as normal phase liquid chromatography. 
4A.2. Results 
4A.2.1. Aggregation studies: Organic cosolvents have shown to promote 
aggregation in many proteins (Naeem et al 2004). The degree of 
aggregation induced in the E state by MeCN was observed by absorbance at 
350 nm (Figure lA) at pH 2.0 and 7.3 respectively. It can be divided into 
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two phases. In the first phase; which was 0 to 40% MeCN (v/v) at pH 7.3 
and 0 to 70% MeCN (v/v) at pH 2.0, no aggregation was observed. Similar 
results have also reported by other workers (Rasheed et al 2006). Above 
these concentrations absorbance (Figure lA) was increased markedly, 
showing zone of aggregation between 40-90% and 70-90% MeCN at pH 
7.3 and 2.0 respectively. In short, at pH 2.0, HSA aggregates in the 
presence of more than 70% MeCN (v/v), at much higher concentration in 
comparison to neutral pH (Figure IB). 
HSA 
l\/IeCN(%VA/) 
Figure 1 (A); Turbity measurement of HSA at 350nm, in the 
presence of increasing percentage of MeCN (%v/v) at pH 2.0 
( - ^ ^ ) and pH 7.3 (--•--), 
>40% MeCN 
• 
pH7.3 
Aggregation 
>70% MeCN 
pH2.0 
Delayed Aggregation 
Figure 1 (B): Schematic presentation of aggregation of 
HSA above 70% and 40% MeCN (%v/v) At pH 2.0 and 7.3 
respectively. 
4A.2.2. The effect of MeCN and TFE on far UV CD of E state: The far 
UV CD studies were done to observe the changes in the secondary structure 
of the protein (Ahmad et al 2004A; Andrade et al 1993). Figure 2A and B 
show the far UV CD spectra of HSA at pH 2.0 in the presence of different 
concentrations of MeCN and TFE respectively. In the Figure 2A, 
wavelength below 200 nm was not included in the result to avoid lower 
signal to noise ratio. At pH 2.0, the CD spectrum of HSA has shown 
minima near 208 and 222 nm, the characteristics of a-helical proteins 
(Muzammil et al 1999). With the increase in MeCN concentration from 0 to 
70% (v/v) MRE has decreased, showing increase in a-helical structure. But 
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further increase in MeCN concentration (78% and 80% v/v) has lead to the 
formation of a typical P-sheet structure with a characteristic minimum near 
213 nm(Kunduetal 2002). 
The MRE of the protein has decreased with increase in concentration of 
TFE upto 90% (v/v), without any change in its characteristic minima at 208 
and 222 nm (Figure 2B). Figure 2C and Table 1 have summerized the 
changes in the percentage of secondary structures (a-helix, P-sheet etc.) in 
the protein against increasing concentration of cosolvents, as calculated by 
K2d (see 2.2.4). 
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Figure 2: Far UV CD spectra of HSA at pH 2.0 in the absence and presence of 20%, 70%, 78% , 80% MeCN and 6M GuHCI 
denatured HSA(dotted line) (A), in the absence and presence of 4%, 30%, 60% and 90% TFE (B), change in percentage of alpha 
helix (•) and beta sheet (0) in the presence of MeCN and the same of alpha helix (•) and beta sheet (o) in the presence of TFE as 
calculated by K2d (C). 
The secondary structure didn't show much change till 76% MeCN (v/v), 
beyond that an abrupt loss of apparent a-helical structure was observed 
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with instant increase in apparent p-sheet structure. The curve of percent a-
heiix of the protein against concentrations of TFE can be divided into three 
phases. In the first phase, i.e. from 0 to 20% (v/v), the increase in helicity is 
23%, while in the second phase, i.e. from 20 to 50% (v/v), the increase in 
heUcity is only 11%. In the third phase (50% to 90%) v/v) the change is 
negligible (-1%). Low concentration of TFE (20%)) seems to stabilize the 
secondary structure of the acid unfolded state, but much higher (>76%) 
concentration of MeCN is needed to induce any change in it (see table 1). 
Table 1: Calculated percentage of alpha and beta structures of HSA (pH 
2.0) in the presence of different concentrations (% vol./vol.) of methyl 
cyanide (MeCN) and TFE using K2d software. 
Cosolvent cone. (%v/v) % Alpha % beta 
MeCN 
TFE 
0% 
76% 
0% 
20% 
50% 
45 
44 
45 
68 
79 
23 
21 
23 
4 
0 
4A.2.3. Effect of MeCN and TFE on the tertiary structure of E state: At 
280 nm, fluorophoric amino acyl residues, i.e. tryptophan, tyrosine and 
phenylalanine get excited. But tyrptophan and tyrosine fluorescence are 
dominant among them (Ahmad et al 2004B; Kundu et al 2002). Figure 3A 
shows the emission spectra of HSA at pH 2.0 in the absence, presence of 10 
and 80% MeCN, 10 and 80% TFE and 6M GuHCl denatured HSA in the 
range of 290 to 400 nm, after exciting at 280 nm. The peak of the spectrum 
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of E state was observed near 325 nm, which was similar to an earlier report 
(Muzammil et al 1999). In the presence of 10% cosolvents the fluorescence 
intensity has increased without any wavelength shift. In the presence of 
80% cosolvents the wavelength maximum has shifted towards 306 nm, 
although in the presence of MeCN the spectrum has appeared with 
distinguishably higher intensity. To understand these variations properly, 
we have drawn normalized RFI at 325 nm with respect to MeCN and TFE 
concentrations (Figure 3B). 
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Fig. 3: Emission spectra of HSA after exciting at 280 nm at pH 2.0 in the absence (bold solid line) and presence of 10% (dotted 
line) and 80% v/v(dashed-dotted line) TFE, and 10% (dashed line) and 80% v/v (dashed-dotted-dotted line) MeCN in the range 
of 290 to 400 nm (A), normalized relative fluorescence intensity (RFI) of HSA at pH 2.0 at 325 nm after exciting at 280 nm 
against increasing concentration of TFE (solid circle) and MeCN (hollow circles) (B). 
The graph can be divided into two parts. First, there was an instant but 
small increase in fluorescence intensity in the presence of 0-10% 
cosolvents, followed by a decrease in fluorescence in the presence of 10-
20% cosolvents. This instant fluctuation in the fluorescence intensities may 
have attributed by the apolar nature of the cosolvents. In the second part, 
further increase in cosolvent concentration protein has shown very different 
spectral changes in the presence of MeCN and TFE. In the presence of TFE 
only baseline changes were observed, but almost 60% increase in 
fluorescence intensity was observed in the range of 20-65% MeCN, 
followed by a plateau till 80% MeCN. 
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At pH 2.0 HSA acquires a 'molten globule state', means, a secondary 
structure similar to native state with least amount of tertiary contacts 
(Muzammil et al 1999; Matulis et al 1999). TFE, like other alcohols 
stabilizes a protein. From the above results, it seems that the unfolded 
protein perhaps get stabilized in the presence of TFE. In contrary, the 
increased fluorescence intensity is an indicator of further exposure of the 
fluorophores in the presence of MeCN (Gekko et al 1998). 
4A.2.4. Effect of TFE and MeCN on tryptophan fluorescence of E 
state: Tryptophan residues of a protein get exclusively excited nearly 295 
nm, and emit in the range of 300 to 400 nm (Ahmad et al 2005B; Bhakuni 
1998). HSA possesses only one tryptophan residue in the domain IIA, at 
214* position. It is located almost centrally of the domain II of the protein 
and get further buried in the protein core at pH 2.0. Therefore, the changes 
in its fluorescence can be monitored as a local conformational change at the 
core of the protein (Muzammil et al 1999). 
Figure 4A shows the emission spectra of HSA at pH 2.0, in the absence, 
presence of 20 and 80% MeCN, and 10 and 80% TFE, in the range of 305 
to 400 nm after exciting at 295 nm. At pH 2.0 the peak of HSA was 
observed at 330 nm, which later on shifted towards 340 nm with increasing 
concentration of cosolvents. To understand the structural changes of HSA 
in the presence of TFE and MeCN, the normalized RFI at 330 nm was 
plotted against increasing concentration of cosolvents (Figure 4B). No 
significant change was observed in the range of 0-10% TFE and 0-20% 
MeCN. In the range of 10 to 20 % TFE, 40% decrease in fluorescence 
intensity was observed. On the other hand, 90% increase in fluorescence 
intensity was observed in the range of 20- 60% MeCN. To show the 
changes in wavelength maxima of HSA, the change in ratio of RFI at 330 
to 340 nm (after exciting at 295 nm) against increasing concentration of 
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cosolvents was plotted in Figure 4C. In the presence of 0 to 20% MeCN, 
the fluorescence intensity has decreased with a red shift. With further 
increase in MeCN concentration (20-80%), a marginal blue shift was 
observed. But in the case of TFE, there was a continuous red shift, starting 
from 0 to 80%. 
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Figure 4: Emission spectra of HSA after exciting at 295 nm at pH 2.0 in the absence (bold solid line) and presence of 10% (dotted 
line) and 80% v/v (dashed-dotted line) TFE, and 20% (dashed line) and 80% v/v (dashed-dotted-dotted line) MeCN in the range of 
305 to 400 nm (A) , normalized relative fluorescence intensit>' (RFl) of HSA at pH 2.0 at 330nm after exciting at 295nm against 
increasing concentration (%v/v) of TFE (solid circle) and MeCN (hollow circles) (B), ratio of relative fluorescence intensities (RF!) 
of HSA at pH 2.0 at 330 and 340 nm after exciting at 295nm against the increasing concentration of TFE (solid circle) and MeCN 
(hollow circles) (C). 
4A.2.5. Effect of cosolvents on protein-ANS binding: Protein ANS 
complex formation is an excellent probe for 'molten globule' state. ANS is 
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a hydrophobic dye which binds at the hydrophobic sites of a protein. Only a 
few number of ANS molecules bind to a native protein, due to scarcity of 
solvent accessible hydrophobic patches. In a molten globule state, where 
the protein core becomes more accessible to solvent, more number of dye 
molecules bind to protein. In contrary, an unfolded state of a protein 
generally loses most of the ANS binding sites (Matulis et al 1999). 
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Figure 5: Emission spectra of HSA-ANS complex after exciting at 380 nm at pH 2.0 in the absence (bold solid line) and 
presence of 5% (dotted line) and 80% v/v (dashed-dotted line) TFE, and 5% (dashed line), 40%(plus line) and 80% v/v 
(dashed-dotled-dotted line) MeCN along with 6M GuHCl denatured protein (solid line) in the range of 400 to 600 nm (A) , 
relative fluorescence intensity (RFl) of HSA-ANS complex at pH 2.0 at 477nm after exciting at 380nm against increasing 
concentration (%v/v) of TFE (solid circle) and MeCN (hollow circles) (B) , ratio of relative fluorescence intensities (RFl) of 
HSA-ANS complex at pH 2.0 at 477 and 490 nm after exciting at 380nm against the increasing concentration of TFE (solid 
circle) and MeCN (hollow circles) (C). 
Figure 5A shows the changes in emission spectra of ANS-HSA complex 
against increase in cosolvent concentrations (%v/v), when excited at 380 
nm. As organic solvents are hydrophobic in nature, baseline corrections 
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have done with appropriate controls. Aggregates are prone to bind with 
ANS. To avoid this, we didn't study ANS binding above 60% MeCN. At 
pH 2.0 a fine spectrum of HSA-ANS complex was observed with a 
wavelength maximum at 477 nm (Figure 5A). It has increased further in the 
presence of 0-5% cosolvents. With the increasing concentrations of MeCN 
and TFE, the fluorescence intensity has decreased in the range of 5-30% 
cosolvents. With further increase in MeCN the ANS binding has increased, 
but in the presence of TFE no further change was noticed (Figure 5B). 
The emission maxima of the protein have shifted from 477 nm to 490 nm as 
the concentrations of the cosolvents have increased (Figure 5A). To give a 
clear picture of the wavelength shift we have taken the ratio of the 
fluorescence intensities at 477 and 490 nm (Figure 5C). In the presence of 
MeCN and TFE decrease in the ratio was observed as the cosolvent 
concentration has increased. In short, protein-ANS binding decreases with 
increase in cosolvent concentration, as shown by decrease in fluorescence 
with red shift. Although, TFE and MeCN have shown to induce distinctly 
different changes in secondary structure, but change in ANS binding is 
astonishingly similar. 
4A.2.6. Effect of cosolvents on HSA detected by quenching of 
tryptophanyl fluorescence: Tryptophan residues of a protein get 
exclusively excited nearly 295 nm, and emit in the range of 300 to 400 nm 
(Bhakuni 1998; Ahmad et al 2005B). HSA possesses only one tryptophan 
residue. HSA at pH 2.0 has shows fluorescence emission at 330 nm, as 
excited at 295 nm (Figure 4A). 
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Fig. 6: Stern-Volmer plot of Acrylamide quenching on 
tryptophan fluorescence of E state in the absence (o) and 
presence of 40 %(•) and 70 %(A) of MeCN, and 10 %(•) and 
30 %(A) TFE respectively, after exciting at 295 nm. 
Table 2: Stern-Volmer constant (K,,.) of HSA in the 
absence and presence of different concentration (% v/v) 
of cosolvents at pH 2.0, 
Variables 
E state 
40% MeCN(v/v) 
70% MeCN(v/v) 
10%TFE(v/v) 
30% TFE(v/v) 
Ksv (M-') 
3.6 
16.9 
15.6 
5.0 
3.3 
The fluorescence intensity of HSA has gradually decreased on addition of 
acrylamide, showing dynamic quenching (Ahmad et al 2005B). Figure 6 
shows Stern-Volmer plot of quenching of fluorescence by acrylamide in 
HSA at pH 2.0 in the absence and presence of 40%, 70% MeCN (v/v) and 
10%, 30% TFE (v/v) respectively. The observed Ksv (Stern-Volmer 
constant) of the samples is given in Table 2. Ksv for the E state is found to 
be lower (3.6 M"') than that of in the presence of 40 and 70% MeCN (v/v) 
(16.9 M'' and 15.6 M"^  respectively). In the presence of 10 and 30% TFE 
(v/v) the Ksv is 5.0 M'' and 3.3 M"' respectively. These results indicate that 
the tryptophan residue in the presence of MeCN was more accessible for 
quenching by acrylamide than the E state, whereas in the presence of TFE 
the accessibility of the quencher was more or less equal to that of the E 
state. It further supports exposure of the tryptophan residue in the presence 
of MeCN. 
4A.3. Discussion 
Alcohols are commonly used as a structure inducing cosolvents. Addition 
of alcohols enhances the helicity of peptides or induces helicity in peptides 
that are essentially disordered to begin with (Bhakuni 1998). They act on 
proteins in two ways. First, it modifies water stmcture in such a way that 
hydrogen bonding between water and protein molecules decreases hence 
encourages formation of intra-molecular hydrogen bonding and increase in 
secondary structure. Second, alcohols are non-polar solvents, so they bind 
with hydrophobic core of proteins to destabilize tertiary structure 
(Manavalan and Johnson 1983). 
MeCN is less polar than water but more polar than ethanol (Pittz and 
Timasheff 1978) Nonpolar side-chains of proteins show preference towards 
hydrophobic interactions with the nonpolar moiety (CH3 group) of MeCN 
molecule from water. The hydrophobic bonding capacity of these nonpolar 
side chains is weakened by addition of MeCN leading to destabilization of 
the tertiary structure of the proteins. Free tryptophan also shows increase in 
solubility with increase in MeCN concentration in water- MeCN mixtures. 
On the other hand, the backbone peptide groups show decrease in solubility 
of the peptide group by addition of MeCN, leading to the enhancement of 
the peptide-peptide hydrogen bonding (Gekko et al 1998). The stability and 
solubility of protein are directly related to the separation of proteins and 
peptides in RFC. The knowledge gained from our observations is vital 
because, MeCN as well as other solvents are used in acidic condition to 
increase both recovery and resolution of many proteins in reverse phase 
chromatography (RFC). The results clearly show that even high 
concentration of MeCN doesn't perturb the secondary structure of HSA and 
the alterations in the tertiary structure are probably recoverable (Gekko et al 
1998, Kandori et al 2002). The acidity of the mobile phase contributes to 
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retention by altering (a) Charge distribution on proteins, (b) ionization of 
surface silanols of the support, and (c) the denaturation of the proteins. 
Nonpolar MeCN molecules excluded from the charged surfaces of both 
protein and support through 'local salting out' mechanism that get 
diminished at acidic conditions due to relative increase in the solubilizing 
effect of MeCN for nonpolar groups, leading to good recovery and 
resolution of proteins (Gekko et al 1998). 
The a-helix to p-sheet transition of proteins is a key issue for understanding 
the folding and biological function of a number of proteins. For example, a 
to P transitions have been suggested in various conformational diseases, 
such as prion disease or Alzheimer's where normal protein turn from a-
helix to P-sheet to be amyloidogenic. In several pathological disorders and 
in various in vitro experiments, proteins turn into "amorphous aggregate", 
without local order. Aggregation is thought to be an irreversible process of 
self association of several identical protein molecules driven by 
stereospecific intermolecular contacts. A substantial body of information 
supports the idea that protein aggregation arises from partially folded 
intermediates through hydrophobic interaction (Dobson 2003; Ohnishi and 
Takano 2004; Srisailam et al 2002). Although at pH 7.0 albumins show a-
helix to P-sheet transition at very low MeCN cone. (20%v/v) (Kandori et al 
2002), at pH 2.0, may be due to high ionic strength of solvent, apparent 
helix to beta sheet transition takes place only at very high concentration of 
MeCN. This phenomenon may have a vital role in delay of aggregation. 
But the formation of p structures may be a consequence rather than a cause 
of aggregation, as P structure is considered as a sign of the already 
aggregated proteins in misfolding diseases. 
In the presence of TFE (a well known a helix inducer) and MeCN (a p-
sheet inducer of some proteins) HSA has shown very different trends of 
conformational transitions (Srisailam et al 2002). HSA loses 9 % helical 
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structure as treated with buffer of pH 2.0, with a blue shift (from 340 to 328 
nm) in tryptophan fluorescence and six fold increase in ANS binding with a 
red shift of 10 nm ( from 470 to 480 nm) (Muzammil et al 1999). It means, 
HSA loses a small amount of secondary structure, tryptophan residue shifts 
to apolar inner core of the protein from the place in between the lA and IIA 
sub-domains and hydrophobic patches get more exposed in the E state (He 
and Carter 1992). 
In the current study, the results of far UV CD studies show that although 
low concentration of TFE induces a-helicity in the E state of the protein, no 
change in secondary structure was observed in the presence of even 70% 
(v/v) MeCN. In the presence of 20% (v/v) TFE the protein has acquired 
68% a-helicity, which is similar to that of the native state of the protein 
(Muzammil et al 1999) with decrease and red shift in fluorescence 
intensities and decrease in ANS binding. All features are indicating that the 
E state may have native like spectral features, in the presence of 20% (v/v) 
TFE. Further increase in TFE (50% v/v) has induced higher a-helical 
structure (-80%) with further red shift in tryptophanyl fluorescence. In the 
presence of 0-70%o MeCN, very little change was observed in the secondary 
structure with exposure of the lone tryptophan residue in the polar 
environment, shown by increase in tryptophanyl fluorescence with red shift 
and significant increase in Stem-Volmer constant (Ksv)- This observation is 
very important in the relation of chromatography (specially, RPC), because 
at pH 7.0 albumins turn turbid in the presence of only 40% (v/v) MeCN 
« 
(Kandori et al, 2002). Further addition of MeCN has resulted in an apparent 
loss of 40% a-helix against 25% gain of p-sheet (Table 1), without any 
further change in the probes of tertiary structure. 
In the presence of MeCN fluorescence intensities show similar changes as 
that of TFE, but only up to 10-15% (v/v), interestingly in ANS binding this 
similarity can be seen all through. The pH denaturation of HSA results in 
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blue shift of the tryptophan fluorescence with increase in RFI. On the other 
hand, figure 4 A, B and C show that the RFI has decreased with a red shift 
of-10 nm as the TFE concentration increases, ft may have happened due to 
reestablishment of tryptophan residue in its native position from the inner 
apolar core of the protein (Muzammil et al 1999). ANS binding studies also 
indicate that the state formed here may have native like topology. 
The addition of MeCN shows similar trend up to 10% (v/v) in tryptophan 
fluorescence and up to 40% (v/v) for ANS binding. As MeCN 
concentration has increased above 10%, a steep enhancement in RFI was 
observed with a little blue shift, indicating that the tryptophan residue has 
shifted to a nonpolar microenvironment. Above 60% MeCN (v/v), no 
further increase in fluorescence has observed, indicating maximum solvent 
accessibility of the tryptophan residue. 
We can summarize these results in a scheme which may explain the 
apparent effects of the above mentioned cosolvents on the E state of HSA: 
N 
[Native state] 
pH7 
E 
[Molten Globule 
state] 
pH2 
E^ 
[No change in 
secondary, change in 
tertiary structure] 
>70% MeCN 
[Non-native P-Sheet and 
aggregation] 
N' 
[Change in secondary 
and tertiary structure] 
50% TFE 
60 
4A.4. Conclusion 
When E state of HSA is treated with TFE, an a helix inducer and MeCN, a 
P structure inducer, they first stabilize the protein and then turn it into quite 
different types of conformations. In the light of ten:iary structure studies 
done here it seems that the E state of HSA acquires a native like state in the 
presence of ~20%(v/v) TFE and a hyper helical state in the presence of 
50%(v/v) TFE. In the presence of MeCN, at first, it follows the trends of 
TFE up to 10-20%, which may have happened due to stabilization of the 
structure. Later on, it shows loss of tertiary structure although secondary 
structure remain intact till 70% (v/v) MeCN, on further increase of MeCN 
it shows apparent P-sheet formation along with aggregation. But more 
interesting is the fact that to some extent (-20%) TFE and MeCN both 
follow similar pathways. The effect of MeCN, a chief solvent for RPC on 
HSA, a very important clinical protein is vital to know for its recovery and 
resolufion. At pH 2.0, where proteins' recovery and resolufion is higher, 
retains its secondary structure even in the presence of high concentration of 
MeCN. 
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(B) How methyl cyanide induces aggregation in all-alpha 
proteins: a case study in four albumins 
4B.1. Introduction 
The alpha heUx to beta sheet transition of proteins is a key issue for 
understanding the folding and biological function of a number of proteins 
(Mottonen et al 1992; Minor and Kim 1996; Prusiner 1997). For example, a 
to (3 transitions have been suggested in various conformiational diseases, 
such as prion disease or Alzheimer's where normal protein turn from alpha 
helix to beta sheet to be amyloidogenic (Mihara and Takahashi 1997; 
Carrel and Lomas 1997). Aggregation is thought to be a reversible process 
of self association of several identical protein molecules driven by stereo-
specific intermolecular contacts (Ohnishi and Takano 2004). Proteins with 
different types of structures; like, a-helical: apolipoprotein Al (Rousseau et 
al 2006; Hirschfeild 2004), PrP^ (Merlini and Bellotti 2005), p-sheet: 
crystallins (Bratosiewiez-Wasik et al 2004), transthyretin (Rousseau et al 
2006; Hirschfeild 2004), a+p: lysozyme and gelsolin (FLousseau et al 2006; 
Hirschfeild 2004), a/P: cystic fibrosis trans-membrane regulator 
(Sandilands et al 2002) or natively unfolded: AP peptide and tau (Welch 
2004); single-domain or multi-domain etc., can aggregate (Jacobson et al 
2005). 
In several pathological disorders and in various in vitro experiments, 
proteins also turn into "amorphous aggregates", v/ithout local order 
(Merlini and Bellotti 2003). Protein aggregation mechanism and their extent 
depend on the physical and chemical environment such as pH, ionic 
strength, denaturant addition etc. For stabilizing nonnative states of protein, 
it is modulated either by site directed mutagenesis or by solvent 
engineering. Non-polar solvents like alcohols and MeCN exert several 
distinct effects on protein. Alcohols denature the tertiary and quaternary 
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structures of several proteins while enhancing their helicity (Miranker et al 
1991). On the other hand, MeCN induces or enhances beta sheet in some 
proteins (Srisailam et al 2002). In alcohols and other cosolvents, the non-
polar groups of proteins tend to get interact with hydrophobic regions of the 
cosolvents, thus decreasing the environmental polarity around the 
polypeptide which in turn favors the formation of hydrogen bonds resuhing 
in helical structure (Kumar et al 2004; Konno et al 2000). In contrast, 
MeCN induces beta sheet, due to its higher polarity than alcohols in water, 
which provides a favorable environment for the formation of intermolecular 
beta sheets (Thomas and Dill 1993; Smythe et al 1995). 
Serum albumins (-66.5 kDa), the most abundant carrier proteins in blood, 
are single chain polypeptides, having three homologous domains. They are 
amongst the most studied proteins and have a typical physiological 
concentration of 5g/100ml in human. It is the principle carrier of fatty 
acids, which are otherwise insoluble in circulating plasma. Albumins are 
predominantly alpha-helical with the remaining polypeptide occurring in 
turns and extended or flexible regions between sub-domains, with no beta-
sheet. 
A lot of work has been done to understand the effect of alcohols on various 
proteins and the degree of formation of alpha helix in them (Gupta et al 
2003; Naseem and Khan 2005). However, relatively much less work has 
been done to understand the effect of MeCN on a predominantly alpha 
helical model protein, like albumin. We have taken serum albumins from 
four different mammalian sources i.e. human, bovine, porcine and rabbit. 
Here we have observed the effect of MeCN on the secondary structures and 
the tertiary contacts of different albumins. MeCN is used extensively in 
various biochemical techniques including chromatography etc. On the other 
hand, albumins are chief proteins used in therapeutics and biotechnology 
(Peters 1996). So the effects of different concentrations of MeCN on the 
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conformational states of albumins become very vital for the yield and 
utility. 
4B.2. Results 
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Figure 1: Turbidity measurements. Effects of increasing concentration of Me(i:N on BSA ( • ) , 
HSA ( • ) , PSA (D) and RSA (A)(at pH 7.0) as monitored by liglit scattering measurement at 350 
nm after exciting the samples at 350 nm (incubation time = 8 hrs). Proteins' (:oncentration was 
0.4mg/ml. 
4B.2.1. Albumins aggregate in high concentration of MeCN: Organic 
cosolvents have been shown to promote aggregation in many proteins (Luo 
and He 1999). The degree of aggregation induced in proteins by MeCN was 
observed by Rayleigh scattering at 350nm after exciting at 350nm, and 
normalized RFI (nor. RFI) at 350nm was plotted against increasing 
concentration of MeCN (Fig.l) according to the following equation: 
Nor. RFI at 350nm - (RFI at 350nm) - (RFI at 350nm without MeCN) 
Normalized values help us to see increase in turbidity in folds, irrespective 
of the species of the protein. The result can be divided into two phases. In 
the first phase; which extends from 0 to almost 40^0 MeCN (v/v) no 
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significant change was observed, also reported earlier (Kandori et al 2002). 
In the second phase; which extends from 40 to 70% MeCN (v/v) scattering 
intensities increased markedly (nearly 20 to 60 folds), representing the zone 
of aggregation. The maximum aggregation was found approximately at 
60% MeCN (v/v). Irrespective of their species difference, all the four 
albumins show aggregation at similar concentrations of MeCN. 
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Figure 2: Time dependent Turbidity measurements. Effect of 0% (A), 30% (B) and 40% (C) MeCN on 0.2mg/ml (D), 
0.6mg/ml (O), 0.8 mg/ml (A) and 1.0 mg/ml ( • ) HSA, as monitored by light scattering measurement at 350 nm after 
exciting the samples at 350 nm (at pH 7.0). 
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Further work was done in the pre-aggregation zone. Time dependent (Fig. 
2) and protein concentration dependent (Fig. 3) aggregation of HSA was 
observed. Even in the presence of 30% (v/v) MeCN the solution was almost 
transparent, similar to the sample with 0% (v/v) MeCN. But in the presence 
of 40% MeCN time dependent aggregation has taken place. Interestingly, 
even 8 hours of incubation has induced observable aggregation in the 
presence of 40% (v/v) MeCN, in contrary to the lesser concentrations of 
MeCN. Figure 3A and B show aggregation as a function of HSA 
concentration after 0 and 40 hours of incubation. The effect of protein 
concentration on aggregation was observed in the presence of 40% MeCN, 
but not below it. 
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Figure 3: Protein concentration dependent Turbidity measurements. HSA concentration dependent turbidity in the 
absence (O) and presence of 20% (O), 30% (A) and 40% (•) MeCN at 0 (A) and 40 hours (B), as monitored by light 
scattering measurement at 350 nm after exciting the samples at 350 nm (at pH 7.0). 
4B.2.2. a to p transition takes place at high MeCN concentration: Far 
UV CD spectroscopy provides rapid determinations of protein secondary 
structure with dilute solutions and a way for rapid assessment of 
conformational changes resulting from addition of ligands (Ahmad et al. 
2005A). Fig. 4A, B, C and D show far UV CD spectra of BSA, HSA, PSA 
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and RSA respectively at pH 7.0 in the absence and presence of different 
concentrations of MeCN, in the range of 200-250nm. Negative minima at 
208nm and 222nm (spectra 1) were observed in native state of all albumins, 
which is a characteristic feature of a-helical proteins (Ahmad et al 2004A). 
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Figure 4: (A) Far UV CD spectra (in the range of 200-250nm) of BSA in the (1) absence and presence of (2) 20% (3) 
60%, (4) 75% and (5) 90% MeCN, (B) HSA in the (1) absence and presence of (2) 5% (3) 65%, (4) 70% and (5) 85% 
MeCN, (C) PSA in the (1) absence and presence of (2) 10% (3) 45%, (4) 55% and (5) 90% MeCN, and (D) RSA in the 
(1) absence and presence of (2) 30%, (3) 55% and (4) 90% MeCN respectively at pH 7.0 in 0.02M Na-phosphate buffer. 
Proteins' concentration was 0.4mg/ml. 
With increase in MeCN concentration, in the presence of 20 % (v/v) MeCN 
in BSA, 5% in HSA, 10% in PSA and 30% in RSA (spectra 2) significant 
increase in the negative minima was observed, due to increase in a-helical 
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structures, similar to an earlier report (Manavalan and Johnson 1983). 
Further increase in MeCN concentration, i.e., 75%, 70%, 55% and 90% 
MeCN (v/v) (spectra 4) on BSA, HSA, PSA and RSA respectively has 
produced spectra with positive ellipticity near 208nm and negative maxima 
near 230nm, which is similar to the spectra of concanavalin A. 
Concanavalin A is an all p-sheet protein, exhibits this unusual type of far 
UV CD band (Pflumm and Beychok 1974; Naseem and Khan 2004). The 
far UV CD studies have shown that serum albumin; a predominantly a-
helical protein turns into non-native [3-sheet conformations as MeCN 
concentration increases. Results of K2d analyses (see section 2.2.4) of Far 
UV CD spectra also support this observation (see Table 1). 
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Figure 5: Far UV-CD measurements. (Protein concentration= 0.4 mg/ml) (A) Effect of increasing concentration of MeCN 
on BSA ( • ) , HSA ( • ) , PSA (Q) and RSA (A) (at pH 7.0) as monitored by changes in MRE value at 222 nm.(B) Changes 
in ratio of MRE values at 208 by 222 nm, as a function of MeCN concentration. 
Mean Residual Ellipticity (MRE) at 222nm is used as a function for 
percentage of a helicity of a protein (Gupta et al 2003; Naseem and Khan 
2005). The changes in MRE at 222nm with the increasing concentration of 
MeCN was monitored in the range of 0 to 40% (v/v) MeCN (pre-
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aggregation zone), for all the four albumins and the results have plotted, in 
Fig. 5A. 
Table 1; Calculated percentage of apparent a-helix, |3-structure and other structures in bovine serum 
albumin; BSA, human serum albumin; HSA, porcine serum albumin; PSA and rabbit serum albumin; 
RSA in the presence of different concentrations of (% vol. /vol.) methyl cyanide (MeCN) at pH 7.0, 
using K2d software. 
ALBUMINS 
BSA 
HSA 
PSA 
RSA 
% MeCN (v/v) 
0 
15 
65 
70 
0 
10 
56 
65 
0 
10 
55 
75 
0 
5 
53 
%a-helix 
62 
66 
9 
5 
56 
61 
16 
4 
57 
59 
9 
4 
57 
60 
7 
%P-structure 
6 
5 
47 
48 
12 
7 
33 
48 
9 
8 
46 
48 
4 
3 
50 
% others 
31 
29 
44 
48 
31 
32 
51 
48 
34 
33 
46 
48 
38 
36 
42 
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With the addition of low concentration of MeCN increase in MRE222 has 
taken place in all four proteins. Above 20% MeCN (v/v) concentration (on 
BSA, HSA and PSA) and 30% MeCN (v/v) concentration (on RSA) there 
was a decline in MRE222 till 40% MeCN concentration. Similar increase in 
ellipticity has also been reported in BSA (Kandori et al 2002) and hen-egg 
lysozyme (Gekko et al 1998). 
Fig. 5B shows the changes in the ratios of ellipticities at 222 and 208nm 
against increasing percentage of MeCN (v/v). a+(3 proteins show more 
ellipticity at 208nm than at 222nm and a/p proteins show more ellipticity at 
222nm than 208nm. So their ratio can be used as a probe for the alteration 
of secondary structure of helical polypeptides and proteins (Manavalan and 
Johnson 1983; Lau et al 1984; Yu et al 1994). As can be seen from the 
graph, all except HSA have shown decrease in the ratios (222nm/208nm) 
all through from 0 to 40% MeCN (v/v). Among the rest three, RSA has 
shown the least decrease, followed by BSA and PSA. The decrease in MRE 
(Fig. 5A) and ratio of 222/208nm (Fig 5B) indicates that p structures have 
increased in this range at the cost of a-helical structures. 
4B.2.3. FTIR study also shows a to P transition; CD is a sensitive 
technique to determine protein secondary structure, but its application to 
protein aggregates is more difficult due to potential optical artifacts. FTIR 
is extensively used to study protein aggregates. Fig. 6 shows IR spectra of 
HSA in the absence and presence of 60% and 85% (v/v) MeCN at pH 7.0. 
The native protein has shown amide I band at 1640cm"\ indicating 
presence of a-helix structure. With increase in MeCN concentration band 
intensity has increased simultaneously, showing increase in aggregate 
formation at the cost of a-helicity. The disappearance of amide II at 
approximately 1550cm"' indicates extensive change in tertiary structure in 
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the presence of MeCN. These results also support that significant structural 
transition(s) may have taken place as MeCN concentration increases. 
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Figure 6: IR transmittance spectrum of HSA in the absence (solid line) and presence of 
60% v/v (dashed line) and 85%v/v (dotted line) MeCN at pH 7.0. Protein concentration 
was 300nM. 
4B.2.4. Tryptophan residues get buried at low and exposed at high 
concentration of MeCN: Free tryptophans show increase in solubility with 
increasing MeCN concentration in water- MeCN mixtures from water. 
Thus, changes in the tryptophan fluorescence can give many informations 
of the tertiary structure of a protein in the presence of MeCN. Exclusively 
tryptophan residues of a protein excite near 295 nm and emit in the range of 
300-400 nm (Ahmad et al 2004A; Ahmad et al 2006). Due to this 
characteristic tryptophan fluorescence is used commonly as a probe for the 
changes in the tertiary structure of a protein with the change in its 
environment and rearrangement of tertiary contacts in the vicinity of trp 
residue(s). Interestingly, HSA (Trp2i4) and RSA (Trp2i4) contain one but 
BSA (Trp 134 and Trp2i3) and PSA (Trp 133 and Trp2i2) contain two 
tryptophan residues each. According to X-ray diffraction data, Trp-214 of 
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HS A is situated within the binding pocket of sub-domain II A, near the start 
of helix h2 of domain II. This location substantiates the buried rather than a 
surface site for this tryptophan. The Trp-134 of BSA is situated in a less 
strongly conserved but homologous region on the ascending limb of loop 3 
(Peters 1996). Most physical studies predict that the second tryptophan of 
BSA (or PSA) is nearer to the molecular surface than the first one, but not 
on the surface. We can predict the tryptophans present in PSA and RSA 
also behave similarly, as these albumins are homologous to HSA. 
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Figure 7: (A) Fluorescence emission spectra (in the range of 305-400nm) of HSA in the absence and presence of 15% 
25% and 4(1% MeCN respectively at pH 7.0 in 0.02M Na-phosphate buffer, when excited at 295 nm. (B) Ratio of 
Fluorescence Intensities (FI) at 320nm by 360nm after exciting at 295nm, as a function of MeCN concentration (%v/v) 
on BSA ( • ) , HSA ( • ) , PSA (D) and RSA (A) (at pH 7.0). Proteins' concentration was 0.4mg/ml. 
Fig. 7A shows tryptophan emission spectra of HSA in the presence of 0, 15, 
25 and 40% (v/v) of MeCN, where excitation wavelength was 295nm. The 
spectral peak of the native protein was found around 340 nm in all four 
proteins with a blue shift (decrease in the wavelength of maximum 
emission) of ~5-10nm in the presence of various concentrations of MeCN. 
Decrease in wavelength maxima of HSA spectra was observed only in the 
presence of 15% MeCN (v/v), with little change in fluorescence intensity. 
But, no further decrease in wavelength maxima was observed by increasing 
m» •t^h% 
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MeCN concentration upto 40%, although fluorescence intensity has 
increased twofold. 
To study the positions of the tryptophan residues in the absence and 
presence of cosolvent, we have taken the ratio of relative fluorescence 
intensities at 320 and 360 nm as a probe (Fatima and Husain 2007), results 
are shown in Fig.7B. Generally, the shift in the wavelength of maximum 
emission is used as a probe for the polarity of the microenvironment of a 
fluorophore. But the changes in intensities are more regular in the 
wavelengths which are in the middle of ascending and descending slopes of 
the spectra. Thus, the ratio of these intensities can be used as a probe for 
wavelength shift, with higher accuracy. The increase in the ratio shows blue 
shift and the decrease in the ratio shows red shift. With the decrease in the 
polarity, blue shift of the emission maxima takes place (Ahmad et al 
2004A; Ahmad et al 2006). In the presence of MeCN, blue shift of 
tryptophan residues was observed in the range of 0-15% (v/v) MeCN. 
Interestingly, far UV CD studies also show increase in secondary structures 
in the same range. The tryptophan residues might get buried in the protein 
core with induction of a helical structure. But with further increase in the 
MeCN concentration red shift was observed. Again the far UV CD studies 
show a to P transition in the same range (Fig 5A and B). BSA and PSA 
have shown lesser blue shift than HSA and RSA, which is an indication of 
lesser internalization of Trp residues. 
4B.2.5. ANS binding decreases with increase in MeCN concentration: 
ANS is a hydrophobic dye which binds at the hydrophobic sites of a 
protein. Only a few ANS molecules bind to a native protein, due to the 
scarcity of solvent accessible hydrophobic patches. In the molten globule 
state, where the protein core becomes more accessible to the solvent, more 
number of dye molecules can bind to the protein. On the contrary, the 
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denatured state of a protein generally loses most of the ANS binding sites 
(Ahmad et al 2005A). ANS-protein complex gives maximum emission at 
470 nm, as excited at 380nm. Fig. 8A shows fluorescence spectra of HSA-
ANS complex in the presence of 0, 15, 25 and 40% (v/v) of MeCN, after 
subtracting from respective controls. Fig. 8B depicts the changes in 
fluorescence intensities of ANS-albumin complexes at 470nm against 
increase in MeCN. The experiment has not carried out above 40% MeCN, 
because ANS extensively binds to aggregates. In the presence of 0-10% 
MeCN, BSA has shown increase in ANS binding, while PSA has shown 
similar increment up to 20% MeCN. With fiarther increase in MeCN 
concentration, prominent decrease in ANS binding was observed up to 40% 
(v/v). Interestingly, HSA and RSA have shown decrease in ANS binding 
through out with increase in MeCN concentration in the same range. BSA 
and PSA have shown delay in decrease in ANS binding up to 10% and 20% 
MeCN respectively. Except that, all the proteins have shown decrease in 
ANS binding with increase in MeCN concentration. 
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Figure 8: (A) Fluorescence emission spectra of ANS-HSA complex in the absence and presence of 15%, 25% and 40% 
MeCN respectively at pH 7.0 in 0.02M Na-phosphate buffer, when excited at 380 nm. (B) Fluorescence Intensities of ANS-
albumin complexes at 470nm after exciting at 380nm, as a function of MeCN concentration (%v/v) on BSA ( • ) , HSA (• ) , 
PSA (Q) and RSA (A) (at pH 7.0). Proteins' concentration was 0.4mg/ml. 
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4B.3. Discussion 
Alcohols stabilize secondary structure of proteins but destabilize their 
tertiary structure (Thomas and Dill 1993; Gupta et al 2006; Naseem and 
Khan 2005). They act on proteins in two ways. First, they modify water 
structure in such a way that hydrogen bonding between water and protein 
molecules decreases hence encourages formation of intra-molecular 
hydrogen bonding and increase in secondary structure. Second, alcohols are 
non-polar solvents, so they bind with hydrophobic core of proteins and 
disrupt their tertiary contacts (Manavalan and Johnson 1983). MeCN is less 
polar than water but more polar than ethanol. Comparatively low increase 
in helicity reflects MeCN also favors formation of intra-molecular 
hydrogen bonding like alcohols, but to a lesser extent. MeCN also binds 
with the hydrophobic core of proteins (Gekko et al 1998). 
Non-polar residues of proteins show preference towards hydrophobic 
interactions with the non-polar moiety (CH3 group) of MeCN molecule in 
comparison to water. The strength of hydrophobic interaction of these non-
polar residues is weakened by addition of MeCN leading to destabilization 
of the tertiary structure of these proteins. Free tryptophan also shows 
increase in solubility with increase in MeCN concentration in water- MeCN 
mixtures. On the other hand, the backbone peptide groups show decrease in 
solubility by addition of MeCN, leading to the enhancement of the peptide-
peptide hydrogen bond formation. MeCN is more effective than methanol 
for solubilizing large nonpolar groups while the effect is opposite for small 
nonpolar groups (Gekko et al 1998). 
At higher MeCN concentrations (~ 60% v/v), rearrangement of hydrogen 
bonds may have taken place. Instead of local hydrogen bonding, non-local 
hydrogen bonding has possibly preferred and it may have resulted in the 
formation of non-native P-sheet structure (Table. 1). These p-sheet 
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structures were possibly aggregation prone. In the presence of more than 
60% MeCN, the far UV CD spectra have shown p-sheet Hke structure, 
similar to concanavalin A and may have arisen due to cluster formation by 
intermolecular hydrogen bonding. 
Ideally, a protein surface can be regarded as being covered by a mosaic of 
charges which can interact individually with solvent molecules. The 
nonpolar cosolvents, being antagoniostic for the charges should be 
excluded from the protein surface through the 'local salting out effect', 
accompanying migration of water molecule to the protein surface (Pittz and 
Timasheff 1978). The resulting strong preferential hydration of protein 
should hinder MeCN molecules to contact the nonpolar residues and a 
sufficiently high concentration of MeCN should be needed to induce 
conformational changes in protein. But in reality, albumins possess number 
of hydrophobic patches on its surface at native state. It can be observed by 
binding of many hydrophobic dyes, including ANS (Ahmad et al 2005A). 
Hence hydrophobic binding of MeCN on the protein surface seems to have 
taken place first at the nonpolar cavities, and then decreases as secondary 
structure seems to be increasing with the decrease in the availability of 
hydrophobic sites. 
In conclusion, we may say MeCN has perturbed the albumins studied above 
according to the following scheme: 
-20 % MeCN 55-75% MeCN -90% MeCN 
N ^ N' ^ I -^  U(?) 
Self-
assembly 
Aggregation 
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Where, N is the predominantly a helical native state of the albumins, N' is 
the intermediate having increased a helical structure in the presence of 
nearly 20% (v/v) MeCN, I is another intermediate having predominantly 
non-native P sheet structure in the presence of 55-75% (v/v) MeCN and U 
is the possible unfolded state in the presence of 90% (v/v) MeCN, which 
we couldn't confirm, due to aggregation. The 'I state' should have possess 
solvent accessible hydrophobic sites, which in turns form inter-polypeptide 
p interaction to result in aggregation. Interestingly, many clinically 
important proteins also get transformed from alpha to non-native beta 
transition, such as apolipoprotein Al (Rousseau et al 2006; Hirschfeild 
2004), PrP^ (Merlini and Bellotti 2005) etc. Further studies can be done to 
understand the pathway of this aggregation formation. 
>>' 
' k 
l->^  
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Chapter 5 
SURFACTANT INDUCED 
UNFOLDING STUDIES ON 
BSA 
Chapter 5 
Spectroscopic studies on the interaction of cationic 
surfactants with bovine serum albumin 
5.1. Introduction 
The functions of a protein, considered to be the most abundant and versatile 
macromolecule, is directly dependent on its three dimensional structure. 
The protein-surfactant interactions have been a subject of extensive 
research (Tanford 1980) ever since the surfactants were found to be the 
denaturants of water soluble proteins (Anson 1939). Investigations of 
assembly, large scale conformational changes or folding/unfolding of the 
biological macromolecules are part of the broader search for organizing 
principles on the mesoscope scale. The understanding of protein 
folding/unfolding has not only provided an intellectual challenge but also 
has an immense potential for application. The solution of folding problem 
seems to be an important step in protein engineering and in understanding 
some diseases (amyloidoses) associated with misfolding of proteins and 
formation of amyloid fibrils (Rochet and Lansbury 2000). 
Although the structure of many proteins is known at the level of atomic 
resolution, we do not have a clear concept of the physical principles of 
organization of these structures and the forces stabilizing them in space. 
Studying the process of denaturation of the native protein is an important 
approach to address this problem. The denaturation of proteins may be done 
by denaturing agents such as urea, guanidine hydrochloride (GuHCl), ionic 
surfactants etc. The denaturation by the surfactants involves binding of the 
surfactant ions to sites on protein molecules while that by urea or GuHCl 
primarily depends on the effect of these compounds on water structure. 
Due to the hydrophobic and hydrophilic properties of the amino acids, a 
protein exhibits dualism that makes small amphiphilic molecules interact 
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with proteins. The amphiphiUc molecules chosen to study the protein-
surfactant complexes, in general, are the ionic surfactants in view of their 
application in the area of membrane studies (Helenius and Simons 1975). 
Usually, surfactant binding with proteins depends on surfactant features. 
The formation of complexes between anionic surfactants and proteins in 
aqueous solutions have been well established (Chamani 2006). Cationic 
surfactants have been found to interact with the proteins to a lesser extent 
compared to anionics mainly as a consequence of smaller relevance of 
electrostatic interactions at the pH's of interest. However, the binding 
isotherms of both these type of surfactants have been found to be similar 
(Ray and Chakrabarti 2003). The conformational changes induced in the 
protein, when the surfactant binds to it, result in changes of polarity and the 
stability of the protein (McCoy and Wyss 2002). The interaction of 
surfactants with proteins is of importance in a wide variety of industrial, 
biological, pharmaceutical and cosmetic systems. The mechanism of 
unfolding of proteins on addition of the surfactant has been studied by 
several techniques such as circular dichroism (CD), nuclear magnetic 
resonance (NMR), microcalorimetry, light scattering and small-angle 
scattering (Xu and Keiderling 2004; Lee et al 2005). Among the various 
proposed models of the protein-surfactant complexes such as rod-like, 
flexible helix model and the necklace model, the necklace model is the 
most accepted for the understanding of the interaction of these two 
components in their complex formation (Jones and Chappman 1995). 
Small-angle neutron scattering (SANS) is an important tool in studies of 
biological macromolecules that allows to study native particles in nearly 
physiological solutions and to analyze structural changes in response to 
variations in external conditions. SANS has been used to evaluate the 
protein-surfactant complex as fractal structure based on the necklace model 
that comprise micelle-like clusters randomly distributed along the 
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polypeptide chain of the unfolded protein (Chen and Teixeira 1986). This 
technique has been quite useful to yield detailed information, such as fractal 
dimension of the protein-surfactant complex characterizing the distribution 
of micelle-like clusters bound to the protein, the extent of the complex and 
the average size of the micelle-like clusters in the complex. This chapter 
deals with the effect of varying concentrations of the cationic surfactants on 
the protein-surfactant complex as studied by SANS, fluorescence and 
circular dichroism. The investigations were carried out on BSA. 
5.2. Results and Discussion 
5.2.1. SANS measurements: SANS data for 1 wt% BSA of varying CTAB 
concentrations in a buffer solution of pH 7.0 are shown in table 1 and 2. 
Based on the features of the scattering profiles, the data can be grouped in 
two different sets. The first set (Table 1) corresponds to proteins at low 
surfactant concentrations (0 to 5 mM) where the scattering data show 
behavior similar to that of the pure protein solution. In this data set, the 
overall cross-section increases with increase in surfactant concentration. 
SANS data in this particular case can be explained in terms of eq. 6 which 
considers protein as prolate ellipsoidal in shape. At low surfactant 
concentrations, the individual surfactant monomers bind to protein and the 
volume of the scattering particle increases. The features of the scattering 
profile in the second set (Table 2) at higher surfactant concentrations 
(>7.5mM) are significantly different to those of the first data set. 
It is found that in pure protein solution, the protein macromolecules have a 
prolate ellipsoidal shape with the semi-major and semi-minor axes as 70.7 
A and 21.0 A, respectively. This result is in good agreement to those 
reported earlier (Honda et al 2004; Santos et al 2003). In the first data set, 
the protein macromolecules maintain their folded structure on addition of 
surfactant. It is believed that individual surfactant molecules bind to the 
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protein at low surfactant concentration. Table 1 shows changes in the 
dimensions of the protein on increasing binding of surfactant molecules as 
a function of surfactant concentration. The semi-minor axis remains almost 
same while the semi-major axis increases with increasing surfactant 
concentration. It is concluded that six protein sub-domains forming BSA 
remain intact but separate from each other, leading to an elongation of the 
protein on addition of surfactant (Narazaki et al 1997). 
Table 1. Fitted parameters of SANS analysis for 1 wt% BSA in the 
presence of 0-5mM CTAB. 
[CTAB](mlVI) Semi-Major (A) Semi-Minor (A) 
0 70.7 ±5.1 21.1 ±0.7 
1 71.9 ±5.2 21.2 ±0.7 
2.5 85.7 ±6.4 21.1 ±0.7 
5 138.4±10.1 21.0±0.7 
The second data set has been explained using fractal structure (eq.U) of 
protein-surfactant complex. The fractal structure of the complex on the 
basis of the necklace model considers micelle-like clusters of the surfactant 
formed along the unfolded polypeptide chain of the protein. It is found that 
the fractal dimension decreases and shows a relatively same behavior up to 
25mM surfactant concentration with the correlation length also remaining 
same (Table 2). 
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However, at lOOmM concentration there is a significant decrease in fractal 
dimension corresponding to increase in correlation length. Also, the size of 
the micelles-like clusters and the number of such clusters does not change 
till the surfactant concentration of 25 mM, while an increase in the size as 
well as number is observed at a surfactant concentration of lOOmM. The 
calculated aggregation number of micelle-like clusters (n) in the complex 
increases from 25 to 97 on increasing surfactant concentration from 7.5 to 
100 mM. 
Table 2. Fitted parameters of SANS analysis for 1 wt% BSA in the presence of 7.5-1 OOmM CTAB. 
r * 1 »*• 11 Number of . 
r^T-Ar,!/ »x^  Fractal Micellar rj,.,,-. , . „ Aggregation 
rCTAB](mM) „ . . r, j- rn^ Zhi (A) such micelles -., . , \ Dimension Radius (A) . ,^ , Number (m in the complex 
7.5 2.23 ±0.15 17 ±0.6 34.3 ±1.5 1.8 25 
16.5 2.16±0.14 17±0.6 32.0±1.4 1.9 53 
25 2.23 ±0.15 17 ±0.6 37.4 ±1.8 2.3 66 
100 1.74 ±0.04 20.5 ±0.7 62 ±4.2 6.2 97 
5.2.2. Intrinsic Fluorescence: Variations in the fluorescence intensity and 
the wavelength of emission maximum (?imax), parameters sensitive to 
protein conformation can be effectively used to probe protein 
folding/unfolding. The fluorescence of proteins originates entirely from the 
tyrosine and tryptophan residues. Two tryptophan residues, Trp-134 in the 
eighth helix of domain I, and Trp-213 in the second helix of domain II are 
present in a BSA molecule (Peters 1996). The variations in the fluorescence 
spectra obtained by exciting the protein at 295nm are attributed to the 
presence of tryptophan residues while the changes at 280nm are mainly 
associated with tyrosine residues. 
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Figure 1. Fluorescence spectra of the BSA at pH 7 in the native 
state (1) and in the presence of ImM (2), 2.5mM (3), 5mM (4), 
7,5mM (5) and l6.5mM (6) CTAB when excited at 295nm (temp. 
25°C). 
380 420 
Wavelength /nm 
Figure 2. Fluorescence spectra of the BSA at pH 7 in the 
native state (1) and in the presence of ImM (2), 2.5mM (3), 
5mM (4), 7.5mM (5) and 16.5mM (6) CTAB when excited 
at 280nm (temp. 25 °C). 
Figs. 1 and 2, respectively, illustrate the emission spectra of native BSA 
and BSA mixed with CTAB at the excitation wavelengths of 295nm and 
280nm. It is observed that the intrinsic fluorescence intensities increase 
coupled by a decrease in A,max or blue shift with the increasing surfactant 
concentration. These changes are significant at the excitation wavelength of 
295nm (Fig. 1) compared to 280nm (Fig. 2). The native protein (curve 1, 
Fig. 1) with the i^^ ax at 342nm also indicates that BSA is dominated by 
tryptophan emission. In the presence of ImM surfactant (curve 2), a blue 
shift of 9nm is observed, showing the trytophan residues may get 
internalized in more nonpolar protein core (Muzammil et al 1999). On the 
other hand, the i^^ ax of native protein becomes 330nm, when excited at 
280nm (curve 1, Fig.2). It is observed that the X^^^ remains almost 
unchanged at the surfactant concentration of ImM (curve 2) with an 
increase in fluorescence intensity, suggesting native-like behavior of BSA. 
The fluorescence spectra observed at a surfactant concentration of 2.5mM 
(curve 3), 5mM (curve 4), 7.5mM (curve 5) and 16.5mM (curve 6) CTAB 
show small but continuous increase in fluorescence intensities. 
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The significant increase in the tryptophan fluorescence is possibly 
associated to the fact that at low surfactant concentration only the heUx of 
Trp-134 is active to interact with the surfactant, while at high 
concentration, Trp-213 is also exposed to the surface of BSA. The decrease 
in Xmax may also indicate the formation of micelles on the protein backbone 
leading to a hydrophobic environment and a consequent blue shift. These 
results, suggesting creation of a hydrophobic environment due to micelle 
formation along the polypeptide chain at higher surfactant concentrations, 
are in perfect cognizance with the SANS measurements. 
5.2.3. Extrinsic Fluorescence: l-Anilino-8-naphthalenesulphonate (ANS) 
is a widely used fluorescent probe known to bind to the hydrophobic 
patches of the protein. There are two different apparent ranges over which 
ANS binds to the proteins like serum albumins. One of these is a broad 
range involving as many as 100 binding sites at pH's below 5, where most 
of the bound ANS is not fluorescent. In a much narrower range of binding, 
where ANS is assumed to act as a hydrophobic probe, ANS may become 
fluorescent. Five hydrophobic sites have been detected on native serum 
albumins in the pH range 5-7 (Barnes and Sato 1980). The fluorescence 
exhibited by the native HSA at pH 7 is associated with the presence of 
these hydrophobic patches and the variation of the fluorescence intensity 
can be effectively used to monitor the accessibility of the hydrophobic 
patches. Generally, increase in ANS protein binding indicates opening of 
hydrophobic sites and thus unfolding of protein and vice versa. Bound 
ANS excites at 380nm and emits maximally at 480nm. 
Fig. 3 A illustrates the emission spectra of native BSA and BSA mixed with 
CTAB at the excitation wavelength of 380nm. In Fig. 3B, changes in the 
relative fluorescence intensities (RFI) at 470 nm against the increasing 
concentration of the surfactant (CTAB), as the protein is excited at 380nm, 
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are plotted. The initial increase in the ANS binding depicted by curve 2 
(ImM CTAB) is due to the co-binding of the surfactant and the probe 
molecules near the hydrophobic regions of the protein. The decrease 
observed afterwards, at 2.5 mM CTAB (curve 3) and 5mM CTAB (curve 
4), indicates the release of some of the probe molecules into a more 
hydrophilic phase because of the competition for binding with the 
surfactant. 
400 450 500 550 
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Figure 3. (A) Fluorescence spectra of ANS bound BSA at pH 7 in the presence of varying amounts of CTAB wiien excited 
at 380nm [CTAB] = 0 mM (1), ImM (2), 2.5mM (3), 5mM (4), 7.5mM (5), 16.5mM (6) and 25mM (7) CTAB (temp. 25 
°C). (B) RFI of ANS bound BSA at pH 7 in the presence of CTAB on the basis of fluorescence intensity at 470nm by 
exciting at 380nm. 
Beyond the minimum, the fluorescence intensity rises and the probe again 
reports an increase in the hydrophobicity at 7.5mM CTAB (curve 5). The 
surfactant at such concentrations binds to the protein and unfolds it, 
exposing more and more hydrophobic patches and consequently increasing 
the ANS binding. The increase in the ANS binding in this region is due to 
the binding of the probe and the surfactant molecules to the hydrophobic 
regions made available by the protein unfolding. The decrease in ANS 
binding observed at CTAB concentration of 16.5 mM (curve 6) is 
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associated with the displacement of the protein-bound ANS by the CTAB 
micelles and the consequent expulsion of the probe molecules into the 
aqueous phase till the ANS binding assumes some constant minimum value 
at a CTAB concentration of 25 mM (curve 7). The results obtained from the 
extrinsic fluorescence studies corroborate well with the intrinsic 
fluorescence as well as SANS data. 
5.2.4. Far-UV CD: Alterations of ellipticity at 222nm are useful probe for 
visualizing varying a-helical contents. Circular dichroism (CD) 
measurements were, therefore, performed to monitor the changes of the 
secondary structure generated by the interaction of BSA with CTAB. The 
aim in CD is to keep the total absorbance of the sample within reasonable 
bounds. The absorbance of the samples is conveniently measured by the 
trace of the high tension voltage. The high tension voltage was found to 
remain within the permissible limits for native BSA and BSA mixed with 
ImM CTAB only. The higher CTAB concentrations couldn't be measured 
due to very high dynode voltage. 
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Table 3: Analysis of possible secondary structure contents on the 
basis of far UV-CD, calculated by K2d. 
190 200 220 
Wavelength [nm] 
240 250 
[CTAB] 
(mM) 
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Alpha-
helicity 
(%) 
65 
57 
Beta-
sheet 
(%) 
5 
10 
Random 
coil (%) 
29 
34 
Figure 4: Far UV-CD spectra of BSA in the absence (- - -) 
and presence (—) of 1 mM CTAB. 
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Fig. 4 shows the far-UV CD spectra of BSA in the native state and in the 
presence of ImM CTAB. The CD spectra of BSA mixed with ImM CTAB 
could not be monitored beyond 200nm because of noise detected below this 
wavelength. The spectrum of untreated BSA at pH 7 shows negative 
minima nearly at 208 and 222nm, a characteristic of a-helical structure 
(Ahmad et al 2004A). The untreated BSA contained about 65% ot-helical 
structure as estimated by K2d (Andrade et al 1993). This is in good 
agreement with the literature value (Narazaki et al 1997). BSA shows a 
decrease in CD values at a ImM concentration of CTAB, as shown in the 
Fig. 4, indicating a decrease in a-helical content. The helical content, as 
determined by K2d (Table 3), is found to decrease from 65% for native 
BSA to 57% in presence of ImM CTAB. This small decrease in the a-
helical content does not affect the overall protein conformation much and 
the protein thus retains a native like structure as demonstrated by SANS 
and fluorescence measurements. 
5.3. Conclusion 
SANS measurements were carried out to investigate the changes in the 
structure of protein on the addition of varying concentration of surfactants 
CTAB. The binding of ionic surfactants to protein is found to disrupt the 
native structure of the protein. At low surfactant concentrations, an increase 
in the dimension of the ellipsoidal protein is observed. As indicated by the 
data, the semi- major axis is found to remain more or less constant and the 
changes occur mostly along the semi-major axis. A fractal structure at 
higher concentrations suggests the formation of micelle-like clusters in the 
protein-surfactant complex. The low surfactant concentration region is 
related to the binding that occurs at specific sites through electrostatic 
interactions while the higher surfactant concentration is associated with the 
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cooperative surfactant interaction resulting in the unfolding of the protein. 
The conformational changes observed in the protein by fluorescence 
spectroscopy suggesting native-like behavior at low surfactant 
concentration and unfolding at high concentration are found to be in tune 
v i^th the results obtained from SANS measurements. Though limited, the 
CD data do indicate a small decrease in the a-helical content at low 
surfactant concentration and hence confirm the above results. 
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Chapter 6 
DENATURANTINDUCED 
UNFOLDING STUDIES ON 
ALBUMINS 
Chapter 6 
Urea and guanidine hydrochloride induced unfolding of 
pig serum albumin and rabbit serum albumin 
6.1. Introduction 
The unfolding of protein by chemical denaturants under in vitro conditions 
has received great attention. Various partially folded intermediates have 
been found to accumulate during equilibrium unfolding of proteins (Ahmad 
et al 2005A; Uversky et al 1998; Muzammil et al 2000). There has been 
considerable interest in characterizing these partially folded states for 
gaining insight into the possible mechanism of protein folding (Uversky 
1999; Mizuguchi et al 2000; Mallam et al 2008). However, characterization 
of folding pathway is relatively complex in muhi-domain proteins where 
each domain is capable of unfolding/refolding independently and the 
association of different domains in the whole protein through various short-
range and long-range interactions may affect the overall topology of protein 
(Mizuguchi et al 2000; Dockal et al 2000). 
Albumin, although a fairly complex, multi-domain molecule in compared 
to many proteins, can recover from changes in structure caused by almost 
any conditions other than heat plus strong alkalinity. With albumin there 
are few effects below 4M urea or 1.8M GuHCl (Khan et al 1987; Ahmad et 
al 2005A), changes in CD, UV and fluorescent spectra occur stepwise to 
about 8M urea, consisting of a rapid initial change followed by molecular 
expansion (Chmelik et al 1988). Although, increase in the stability of HSA 
have been reported in the presence of physiological concentration (5mM) of 
urea (Gull et al 2007). As the urea concentration is raised the titration curve 
at 7M urea shows an increased affinity of carboxylates for protons, but no 
change in the total hydrogen ion uptake (Levy 1958). In the presence of 4M 
urea domain III unfolds, which is similar to the F isomerization occur at pH 
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4 (Khan et al 1987). Albumins, bonded with long chain fatty acids (1-2 
M/M fatty acids), are more resistant to change with 8M urea (Rosseneu-
Motreff et al 1973; Romanini et al 2002). 
The mechanism by which urea and guanidine-ion denature proteins in 
aqueous solutions is still a mystery, although there exists a large literature 
on the experimental and theoretical studies of denaturation of proteins by 
these molecules. Two possible mechanisms are suggested, (i) These 
denaturants act directly by binding to peptide groups, thereby weakening 
internal hydrogen bonds (Timasheff 1992; Myers et al 1995; Schiffer and 
Dotsch 1996), or (ii) Indirectly by causing a change in the structure of 
water's hydrogen bond network around hydrophobic groups in proteins, 
thereby increasing their solubility and weakening the hydrophobic effect 
(Gracia et al 2008). It is also possible that both mechanisms are operating 
(Wetlaufer et al 1964). Bulk water contains two population of H bonds, 
about 80% that are linear (hydrogen bond angle* 12°), rest being more bent 
(hydrogen bond angle* 52°) and slightly longer. Although urea is a polar 
molecule (judged by the partial charge on its atoms), the amino groups 
perturb the water in a way characteristic of nonpolar groups, and the net 
heat capacity change of hydration (ACp''^ '^ ) is positive. Guanidine is 
isoelectric to urea but differ by the replacement of the oxygen with an 
amino group, which enables it to support more positive charge, indeed, a 
formal charge of 1. Guanidine shares some of the nonpolar effect on water 
structure with urea, notably in the structuring effect on water hydrating the 
carbon and carbon/amino groups, although, because of its formal charge, it 
has a net negative but very small ACp^ ^ . Urea and guanidine are the most 
used chemical denaturants of proteins because they are highly soluble in 
water and they interact with both polar and nonpolar groups (Garcia et al 
2008). 
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Several workers have already studied the effect of urea and GuHCl on 
human and bovine serum albumin (Khan et al 1987; Muzammil et al 2000; 
Ahmad et al 2005B). In this work we have studied the effect of same two 
denaturants on RSA and PSA. Comparison of mature albumin sequences of 
human to pig and human to rabbit shows 75% and 74% sequence identities 
respectively (Peters 1996), as compared by the ALIGN program (Myer and 
Miller 1988) modified in FASTA format. Seeing the importance in protein 
folding study and higher conservation in structure and function among 
albumins from different sources makes their comparative 
unfolding/refolding study an interesting survey. This will not only help in 
update the evolutionary history of albumins, but also improve this class of 
protein as a biotechnological tool. 
6.2. Results and Discussion 
These studies provide three parameters, which have thermodynamic and 
structural implications. The main parameter provided is the change in free 
energy upon total unfolding of the native state (N^U), AGy*. The second 
parameter which is called m-value, is given by the derivative of AGu^  with 
respect to the denaturant concentration. The m-value is related to the 
difference in solvent-accessible surface area between the unfolded and the 
native states (Soulages 1998). The third parameter Cm is derived from 
these values, which is related to the extent of denaturing capacity of 
denaturants. 
Albumins possess high a-helicity, but devoid of any P structure. The CD 
spectrum of albumins has shown minima near 208 and 222 nm, the 
characteristics of a-helical proteins (Peters 1996). Thus, MRE at 222nm is 
regarded as a probe for a helical structure (Muzammil et al 1999; Ahmad et 
al 2006; Luo and He 1999). Exclusively tryptophan residues of a protein 
excite near 295 nm and emit in the range of 300-400 nm. Due to this 
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characteristic tryptophan fluorescence is used commonly as a probe for the 
changes in the tertiary structure of a protein with the change in its 
environment and rearrangement of tertiary contacts (Ahmad et al 2004B; 
Ahmad et al 2006). Hence, MRE222 has been used here as a probe for 
secondary structure and fluorescence intensity at 340nm, after exciting at 
295nm, as a probe for tertiary structure. 
•r**-. 
^Oo • • . 
° ° ° ? ° ° o o p * n S n ^ B . , 
0.8 
0.6 
0.4 
0.2 
0 
0 1 2 3 4 5 6 7 8 
GuHCl (M) 
Figure 1. Fraction of native structure of PSA as a function of GuHCl concentration, 
probed by mean residue ellipticity at 222nm (•) and emission wavelength at 340nm 
after exciting at 295nm (o). 
Fig. 1 shows the GuHCl induced unfolding of the secondary structure 
(MRE222) and the tertiary structure (tryptophan fluorescence) of PSA, in 
terms of fraction of native structure (fn). No change in secondary structure 
was observed in the presence of 0-1.7M GuHCl, but almost 70% of the 
tertiary structure was lost in this range. The remaining tertiary structure was 
lost above 4M GuHCl, while above 6M no secondary structure was 
observed. Cm for secondary and tertiary structure were found to be 2.86M 
and 1.56M respectively, shown in table 1. 
Similarly, figure 2 shows urea induced unfolding of the secondary structure 
(MRE222) and the tertiary structure (tryptophan fluorescence; fluorescence 
intensity at 340nm, after exciting at 295nm) of PSA, in terms effraction of 
native structure (fn) against increasing denaturant concentration. In the 
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range of 0- 3.7M urea no significant change was observed in secondary 
structure, but almost 40% loss in tertiary structure. Rest of the secondary 
and tertiary structure was lost at 9M (Fig 2). Here, the slope of unfolding of 
secondary structure is distinctly higher than that of the tertiary structure. 
Also Cm for secondary structure found to be higher (6.22M) than that of 
tertiary structure (4.28M). Concluding the results from fig.l and 2, we can 
say, urea seems to act on PSA much later in comparison to GuHCl. 
Figure 2. Fraction of native structure of PSA as a function of urea 
concentration, probed by mean residue ellipticity at 222nm (•) and 
emission wavelength at 340nm after exciting at 295nm (o). 
Similarly, figure 3 and 4 show GuHCl and urea induced unfolding of the 
secondary structure (MRE222) and the tertiary structure (tryptophan 
fluorescence; fluorescence intensity at 340nm, after exciting at 295nm) of 
RSA respectively. The secondary structure of RSA starts unfolding in the 
presence of only 1.4M GuHCl and ends around 6M, but 3.7M urea is 
required to initiate unfolding, and it ends at 7M concentration. On the other 
hand, in almost 1.7M starts and 6M GuHCl completes unfolding of the 
tertiary structure of RSA, but these concentrations are 1.7M and 9M 
respectively in the case of urea. Also, in this case the denaturing capacity of 
GuHCl has found be higher than urea. Interestingly, the GuHCl induced 
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denaturation of secondary and tertiary structure of RSA are almost 
overlapping, showing cooperative transition (Fig. 3). 
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Figure 3. Fraction of native structure of RSA as a function of GuHCl 
concentration, probed by mean residue ellipticity at 222nm (•) and emission 
wavelength at 340nm after exciting at 295nm (o). 
In short, RSA is less likely to denature at respective concentrations of 
denaturant, in comparison to PSA. If we compare the free energy changes 
in water (AGu"^ ), in the presence of urea the secondary and tertiary structure 
of RSA seems to be stronger than PSA (see table 1). But in the presence of 
GuHCl, which act to the proteins independent of electrostatic interactions, 
the secondary structure is stronger in RSA but tertiary structure is slightly 
stronger in PSA. RSA possess only one tryptophan (Trp-214) at domain II, 
but PSA possess two tryptophans (Trp-134 and Trp-213) at domain I and II 
respectively (Peters 1996). It may have happened due to presence of one 
extra tryptophan in PSA along with three more hydrophobic residues. 
It is evident that we cannot assume in advance that the two techniques, 
fluorescence and CD (222nm), provide the same information. This is partly 
because the local changes associated with N->D transition are likely to be 
monitored differently by these techniques. For example, one can assume 
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that, due to the excitation at 295nm, fluorescence intensity probes 
preferentially local arrangements of the tryptophan(s) as a function of 
denaturant concentration. In contrast, CD at 222nm reflects alterations in 
the secondary structure. 
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Figure 4. Fraction of native structure of RSA as a function of urea 
concentration, probed by mean residue ellipticity at 222nm (•) and 
emission wavelength at 340nm after exciting at 295nm (o). 
GuHCl is considered to be much stronger denaturant than urea (Ahmad et 
al 2005 A) although the relative effectiveness of two denaturants depends on 
the nature of protein (Garcia et al 2008). Both urea and GuHCl are 
presumed to bind to peptide bonds (Scholtz et al 1995; Gull et al 2007). 
Earlier studies on coiled coils (Monera et al 1994; Grigoryan and Keating 
2008) suggested that GuHCl cannot distinguish the contribution of 
electrostatic interactions to the proteins which were otherwise effectively 
monitored by urea. GuHCl being a salt, ionizes in aqueous solution to 
Gu(+) and Cl(-) ions which then mask the positively and negatively 
charged amino acid side chains of the protein hence reducing or completely 
eliminating any stabilizing or destabilizing electrostatic interactions 
(Muzammil et al 2000). Therefore, it may be suggested that the difference 
in the estimate of free energy of unfolding by urea and GuHCl, depends on 
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the nature of electrostatic interactions stabilizing the protein (Jaenicke 
1996). 
Table 1: Thermodynamic parameters of GuHCl and urea induced unfolding of PSA and RSA. 
Denaturants 
GuHCl 
Urea 
*m 
*Cm 
*AG," 
*m 
*Cm 
*AG„" 
Sec. structure 
-739.1 
2.86 
2115.1 
-562.99 
6.22 
3504.4 
PSA 
Ter. Structure 
-1016.4 
1.56 
1589.4 
-254.49 
4.28 
1090.5 
RSA 
Sec. structure 
-922.4 
2.58 
2385.3 
-1081.1 
5.21 
5635.8 
Ter. structure 
-546.76 
2.83 
1551.1 
-459.15 
5.19 
2384.8 
*m in Cal/mole/M 
*Cm in M 
^AGu"" in Cal/M 
6.3. Conclusion 
Porcine and rabbit serum albumins are highly homologous to BSA and 
HSA respectively. They also possess high sequence resemblance and 
similarity in structural features. Our results also show similar trend in PSA 
and RSA unfolding. Higher midpoint concentration (Cm) of urea in 
comparison to GuHCl shows higher denaturing capacity of GuHCl. Change 
in free energy (AGu"^ ) calculations clearly show that electrostatic 
interactions are chiefly responsible for higher stability of RSA in 
comparison to PSA. RSA has shown higher stability in comparison to PSA, 
except in the case of GuHCl induced unfolding of tertiary structure, which 
may have arisen due to presence of higher number of hydrophobic residues. 
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